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 Friction stir welding and processing can provide for joints in aerospace grade 
aluminum alloys that have preferable material properties as compared to fusion welding 
techniques.  Aerospace grade aluminum alloys such as AA2024-T3 and AA7075-T6 are 
considered non-weldable by traditional fusion welding techniques.  Improved mechanical 
properties over previously used techniques are usually preferable for aerospace 
applications. Therefore, by combining traditional fusion welding and friction stir 
processing techniques, it could be plausible to create more difficult geometries in 
manufactured parts instead of using traditional techniques. While this combination of 
fusion welding and friction stir processing is not a new technology, its introduction to 
aerospace grade aluminum alloys as well as non-weldable alloys, is new. This is brought 
about by a lowered required clamping force required by adding a fusion weld before a 
friction stir processing technique.  The changes in properties associated with joining 
techniques include: microstructural changes, changes in hardness, tensile strength, and 
corrosion resistance.  This thesis illustrates these changes for the non-weldable AA2024-
T351 and AA7075-T651 as well as the weldable alloy AA5052-H32.  The microhardness, 
tensile strength and corrosion resistance of the four processing states: base material, fusion 
welded material, friction stir welded material, and friction stir processed fusion welded 
material is studied.  The plausibility of this hybrid process for the three different materials 
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Many techniques for materials joining are represented in manufacturing and part 
making for multiple applications.  While several joining techniques are represented for a 
multitude of different materials, some of the most reliable joining techniques for steels, 
such as traditional welding, are not as reliable for aluminum alloys, especially those of 
aerospace grade.  There are some exceptions, such as aluminum alloys 5052-H32 and 6061-
T6, which are readily weldable, and provide for decent joints.[1]  All welding techniques, 
regardless of the material being welded, impose certain metallurgical changes to the 
material being joined.  For aerospace grade aluminum alloys, some of these metallurgical 
and microstructural changes create material properties that are less than desirable for 
certain applications.  Joining methods, such as Friction Stir Welding, invented in 1991 by 
TWI, Inc.,[2] was created for this reason.  Friction Stir Welding (FSW) seeks to remove 
some of the adverse properties of fusion welding by employing the use of friction to create 
a solid state joining process.  This means that heat is added gradually to the material, and 
no melting occurs.   
This method provides for no phase changes within the material, as well as creation 
of a joint between two plates, in multiple different configurations.[2]  There are, of course, 
some microstructural and metallurgical changes that occur during this process.  FSW also 
has a drawback in that it requires a large amount of clamping force to hold the parts being 
welded in place.  This clamping force creates limitations to geometric configurations, as 
well as some distortion in the workpiece. 
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A need to improve the manufacturing methods used for joining aerospace grade 
aluminum alloys is relevant, as the need for lighter, thinner sections of material are being 
used for increases in efficiency for aerospace applications.  By eliminating other solid state 
joining processes, such as riveting, which creates stress concentrations, it could be possible 
to create more stable joints by creating a hybrid process between traditional fusion welding 
and FSW.   
This hybrid process provides a possibility of eliminating the clamping forces and 
distortion associated with FSW, as well as creating a post-processing technique for 
insufficient fusion welds of aerospace grade aluminums such as AA2024-T351, AA5052-
H32, and AA7075-T651.  While the combination of fusion welding and friction stir 
welding has been studied in the past by a few groups, the study of aerospace grade materials 
has not been touched, largely due to the stigma surrounding the fusion welding of aerospace 
grade aluminum alloys. 
The work provided in this thesis is composed of parameter testing for FSW with 
the ABB IRB 940 Tricept Robot, originally designed for deburring and pick and place type 
movements[3], as well as a mechanical property study of three aerospace grade aluminum 
alloys (AA2024-T351, AA5052-H32, and AA7075-T651) in multiple processing states.   
These processing states include: the base material, fusion welded material, FSW 
material, and a study of FSW post-processed fusion welds of each of the alloys.  The 
mechanical properties studied include Vickers hardness, tensile strength, and corrosion 
resistance.  
Finally, a discussion of possibilities for manufacturing implementation, as well as 
required clamping forces and processing times is provided. 
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1.1 FUSION WELDING 
Alloys such as AA2024-T351, and AA7075-T651 are considered to be non-
weldable alloys.  For the 2XXX series aluminum alloys, their high strength and chemical 
makeup create hot cracking using traditional welding methods such as GMAW and 
GTAW.  The aerospace grade aluminum alloy 2024, in any temper, cannot be welded 
because of its tendency to crack.   
The 7XXX series of aluminum alloys are also a group of high-strength aerospace 
grade alloys.  They function similarly to the 2XXX series alloys, and are un-weldable by 
GMAW and GTAW methods due to hot-cracking and stress induced corrosion.  It is 
recommended that AA7075, in any temper, not be welded by fusion welding methods.[1]    
1.2 FRICTION STIR WELDING/PROCESSING 
Friction Stir Welding, and Friction Stir Processing (FSP), are a plastic deformation 
and a thermal processing technique used for several types of applications from joining to 
surface processing.  This joining and processing technique requires that the temperature 
stays below the solidus temperature of the specific material to provide for no change of 
phase within the part.  FSW/FSP has been developed, and is successfully used for all alloy 
types including aerospace grade aluminum alloys.  FSW tends to eliminate the problems 
associated with fusion welding such as hot cracking, porosities, material loss, and 
corrosion.  The process also eliminates the need for skilled laborers required for typical 
fusion welding applications, as well as eliminating some issues surrounding human error.  
Friction stir welds can be achieved with gaps between the materials being joined, and can 
be used for joining a multitude of different geometries including butt welds, lap welds, and 
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spot welds, as well as many others.  This joining and processing technique also eliminates 
the need for special environmental considerations and shielding gas, as it removes the 
hazardous nature of material gassing off as well as the elimination of sparking.[2]   
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2. LITERATURE REVIEW 
 
 
2.1 FUSION WELDING OF ALUMINUM ALLOYS 
There are several types of welding processes plausible for use with aluminum alloys 
that coincide with traditional fusion welding techniques used for steels and other alloys. 
Some of these processes include Shielded Metal Arc Welding (SMAW), Gas Metal Arc 
Welding (GMAW), Gas Tungsten Arc Welding (GTAW), and Modified Indirect Electric 
Arc Welding (MIEA).[4]  
As stated previously, traditional fusion welding methods are not generally 
recommended for the joining of aerospace grade aluminum alloys, especially AA2024, and 
AA7075.   
2.1.1 Shielded Metal Arc Welding.   This welding process uses an electric arc 
created by an electrode and the material being welded.  This process is also called stick 
welding, which is described by its electrode type, seen in Figure 2.1.   
 
 
Figure 2.1:  SMAW schematic.[4] 
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 The heat generated by the electrode melts the wire, and the flux core of the wire 
and a droplet of the filler metal is left on the material surface.  The flux forms a layer of 
slag on top of the weld bead surface.  The electrode contains some shielding components 
to stabilize the weld, and can contain quartz, cellusosic, rutile, cellulose, carbonate, 
ferromanganese, and organic compounds, as well as many other possible additives.  These 
components create gas shielding and provide for deep weld penetration and a higher 
cooling rate in order to decrease the thermos-mechanically affected (TMAZ) and heat 
affected zones (HAZ) around the weld.[4]   These electrode covering components also 
provide for the removal and prevention of oxide formation in the weld process, thereby 
cleaning the metal surface.  The current ionizes the gases created, therefore creating 
plasma, and enabling the arc to form, which can create environmental hazards.   
 The SMAW process is portable and inexpensive and is preferable for maintenance 
and repair solutions as well as structural applications and welding of pressure vessels.  For 
aluminum alloys, the SMAW process does not allow for sufficient cleaning of the material 
during welding, and some defects and discontinuities may be formed during the welding 
process.[4] 
2.1.2 Gas Metal Arc Welding.  Gas Metal Arc Welding (GMAW) is a common 
welding process using a wire instead of a stick electrode.  The shielding of the material is 
carried out by use of an inert gas such as argon, or argon helium mixture for aluminum 
alloys.   
When using an inert gas or inert gas mixture, the welding process is called a Metal 
Inert Gas (MIG) welding process.   MIG welding processes are the most commonly used 
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GMAW technique for aluminum alloy welding.[4]  The GMAW process is illustrated in 
Figure 2.2.  
 
 
Figure 2.2:  GMAW Schematic.[4] 
 
 When using Ar gas shielding, the energy is less spread out than when He gas is 
used due to the lower thermal conductivity of Ar gas.  This lowered thermal conductivity 
makes the arc more stable during transfer of energy to the material surface.  The weld bead 
for Ar gas only, represented in Figure 2.3a, is more of a narrow “v” shape, while the weld 
bead for mixed gas of Ar and He yields a more wide “v” shape, represented in Figure 2.3b. 
 
 
Figure 2.3:  Representation of weld shapes using different welding gases: a) pure argon, 
b) helium and argon mixture.[4] 
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 The transfer of material to the weld surface occurs in three patterns: globular 
transfer, spray transfer, and short-circuit transfer.  For globular transfer, the metal droplets 
are larger than the wire diameter and create a splatter and irregular arc.  This type of droplet 
is created in lower current levels.  Spray transfer occurs only at high current levels and the 
droplets fall at a higher rate than the globular droplets.  The arc is more stable and the 
splatter is miniscule in comparison to globular droplets.  Short-circuit transfer is only 
created when the electrode is in contact with the melt pool, and occurs at low current levels.  
This mode creates a high cooling rate and is more desirable for thin sections of material.[4]  
The current ranges for each type of transfer are illustrated in Figure 2.4.   
 
 
Figure 2.4:  GMAW Transfer modes recommendations by wire diameter and weld 
current.[4] 
 
 GMAW processes do not produce slag and can be done in many welding positions.  
The deposition rate of the weld bead is much higher than the SMAW technique, and the 
quality of the weld tends to be higher.[4]   
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2.1.3 Gas Tungsten Arc Welding.   Gas Tungsten Arc Welding (GTAW) 
employs a non-consumable electrode to create an arc between the filler wire and the 
material, as illustrated in Figure 2.5.   
 
 
Figure 2.5:  GTAW Schematic.[4] 
 
 This process also requires the use of an inert shielding gas for aluminum alloys, 
such as argon, in which case the process is labeled as Tungsten Inert Gas (TIG) welding.  
The arc creates a heat source which can also be used for welding without the use of a filler 
material.  The GTAW process can create very high quality welds, but the weld speed is 
slower than SMAW or GMAW processes, and the thickness of the material is limited.  For 
aluminum alloys, GTAW is recommended for thicknesses of 6 mm or less.   
 There are several types of GTAW welding such as: Direct Current (DC) or 
Alternating Current (AC).  Direct current welding modes either use direct polarity 
(electrode negative, DCEN), or reverse polarity (positive electrode, DCEP).  These 
polarities are represented in Figure 2.6.   
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Figure 2.6:  GTAW polarity representations for a) DCEN, b) DCEP, and c) AC current 
welding modes.[4] 
 
 There are multiple types of electrodes used for GTAW techniques, such as: pure 
tungsten, thorium oxide, or zirconium oxide.  The additives create for a more efficient arc 
ignition and increase the electrode life.  Zirconium electrodes are more commonly used for 
AC current GTAW applications due to the high melting point of zirconium oxide as 
compared to tungsten and thorium oxide.  Table 2.1 gives a representation of the 
recommended electrode diameters and currents required for GTAW applications in an inert 
gas environment for aluminum alloy welding.  
Table 2.1:  Recommended electrode diameters and currents for inert gas GTAW 
techniques.[4] 
Electrode Diameter 








  Table 2.2 gives the protection gases commonly used for GMAW and GTAW 
techniques.  The shielding gas is chosen based on the ionization, density, quality or 
protection, and oxide removal characteristics possible.  The inert gases, Ar and He, are 
recommended for aluminum alloy welding.[4] 
 
Table 2.2:  Gas shielding properties for GMAW and GTAW techniques.[4] 
Gas Chemical Symbol 
Molecular 
Weight (g/mol) Density (g/L) 
Ionization 
Potential (eV) 
Argon Ar 39.95 1.784 15.7 
Carbon 
Dioxide CO2 44.01 1.978 14.4 
Helium He 4.00 0.178 24.5 
Hydrogen H2 2.02 0.090 13.5 
Nitrogen N2 28.01 1.250 14.5 
Oxygen O2 32.00 1.430 13.2 
 
2.1.4 Modified Indirect Electric Arc Welding.   Modified Indirect Electric Arc 
(MIEA) welding was developed to improve the mechanical and microstructural properties 
of aluminum alloys for fusion welds.  An electrode is placed on the surface of the material, 
and as the weld bead melts, gravity feeds the bead into the cavity between two plates of 
material, illustrated in Figure 2.7.  This technique was more recently developed specifically 
for aluminum alloys in 2006 by R. R. Ambriz of the National Polytechnic Institute in 
Azcapotzalco, Mexico.[4] 
 This newer technique has a high thermal efficiency, requiring only a single pass for 
welding, and the thermal effects associated with fusion welding are diminished, increasing 
the mechanical properties of the HAZ.  The incidence of porosities in the weld are also 
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decreased, and the welding profile geometries are improved from traditional weld beads.[4]  
A representation of the weld using MIEA is given in Figure 2.8.   
 
  
Figure 2.7:  MIEA Schematic.[4] 
 
 
Figure 2.8:  MIEA Weld Joint.[4] 
 
2.2 FRICTION STIR WELDING OF ALUMINUM ALLOYS 
Friction Stir Welding was invented in 1991 at The Welding Institute in the United 
Kingdom.  This welding technique was specifically developed for aluminum alloys as a 
response to the relative difficulty of traditional welding techniques.  Friction stir welding 
was developed as a solid state process due to the hot cracking exhibited by many aluminum 
alloys during joining processes that use arcs and localized melting of material.  During the 
process of FSW, a non-consumable rotating tool of a unique design for the specific 
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material, with a pin and shoulder, is plunged into a joint, and moved along the joint line of 
the plates or sheets.[5]   
For most materials, FSW can be performed for a variety of joint geometries, 
illustrated in Figure 2.9.  
The different sides of the weld are not symmetric in that the pin and shoulder are 
rotating in one direction, creating an advancing and retreating side in the weld joint.  These 
two different sides can sometimes have different shapes and properties, dependent on the 
welding parameters, and specific alloy of material.  An example of the friction stir welding 
process is given in Figure 2.10. 
 
  
Figure 2.9:  Friction stir welding geometries: a) square butt joint, b) edge butt, c) T-butt 
joint, d) lap joint, e) multiple lap joint, f) T-lap joint, and g) fillet joint.[5] 
 
 
Figure 2.10:  FSW schematic.[5] 
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The tool itself creates heat as well as gross plastic deformation of the material 
within the joint while also maintaining a constant thickness of material under the 
shouldered edge of the tool.  The heat is generated by the friction on the pin as well as the 
friction of the material surface on the shoulder of the tool.[5]  The pin design as well as the 
shoulder design are incredibly important to create more efficient heat generation and 
mixing.  Dependent on material and function, the most efficient pin and shoulder design 
combination can be chosen.    Because of the differing geometries of tool pin and shoulder, 
the stirring of the material can be very complex in nature, creating differences in strain, 
strain rate, and temperature.[5] 
Other important parameters of the friction stir weld include: the rotational speed, 
the downforce on the material surface, the transverse speed, and the tool tilt angle.  If the 
parameters chosen are sufficient, a solid-state joint is created with no phase change 
incurred during the joining process.[5]     
The benefits of FSW are numerous including the fact that it is a solid state jointing 
process, eliminating the possibility of phase change and decreasing the incidence of hot 
cracking in aluminum alloys, this lowered heat also creates a smaller amount of distortion 
in the material being joined.  The decreased temperature and the absence of electrodes and 
arcing also removes the need for inert gas shielding that is needed for traditional fusion 
welding methods.  Because of the shouldered tool maintaining the surface of the material, 
there is good dimensional repeatability and no loss of alloying elements (partly due to 
lower temperature).  The gross plasticization of material simultaneously increases the 
mechanical properties in the joint area while recrystallizing the grain structure within the 
joint.  This process creates a better joining technique that can remove the need for fasteners 
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and rivets, and can be performed on all aluminum alloys with the possibility for post-weld 
machining and forming.[5]  This solid-state joining process also creates the possibility of 
welding long lengths of joints without melting or possibilities of large defects or breaks in 
the weld bead.[4] 
2.2.1 FSW Flaws.   There are, of course, some drawbacks to FSW.  Some of the 
characteristic flaws seen in FSW include voids, joint lines, root flaws, hooking, and plate 
thinning, Table 2.3 summarizes these flaws and their causes.  Examples of these types of 
flaws can be seen in Figures 2.11-2.15.  
 
Table 2.3:  FSW Flaws.[2] 
Flaw Type Location Cause 
Void Advancing side at edge of nugget Low Forging pressure.  
Welding Speed too high.  Plates 
not clamped close enough 
together.  Joint gap too wide. 
Void Beneath top surface of weld.  Weld 
nugget, extending from the root of 
the weld.  
Welding Speed too high.  
Inadequate removal of oxide.  
Inadequate dispersal of oxide. Joint Line Remnant  
Root Flaw Weld nugget, extending from the root 
of the weld at the point where the 
original plates butted together. 
Tool pin too short.  Incorrect 





Plate interface Inadequate removal of oxide 
from plate edges.  Inadequate 
disruption and dispersal of 
oxide by tool. 
Hooking (lap 
joint) 
Advancing side of the weld, in un-
bonded TMAZ region, normally 
extending upwards. 
Ineffective tool design. 
Plate Thinning 
(lap weld) 
Retreating side of weld, in un-bonded 
TMAZ region. 
Ineffective tool design. 
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Figure 2.11:  Void examples for a) volumetric flaw, b) tunnel defect, and c) surface 
defect under tool shoulder.[2] 
 
 
Figure 2.12:  a) oxide defects, leading to a kissing bond at the interface, b) magnified 
oxide inclusion in weld, c) joint line remnant schematic.[2] 
 
 




Figure 2.14:  Evidence of localized melting in FSW.[2] 
 
 
Figure 2.15:  Lap weld defects showing hooking on the advancing side and plate thinning 
on the retreating side.[2] 
 
2.2.2 Tool Geometry.   Over the course of FSW’s development, several hundreds 
of tool geometries have been developed by TWI, Inc.  
As complex stir patterns have been analyzed, the more efficient designs have 
propagated for a more optimum heat generation and stir patterns.  Some of these pin and 
shoulder designs can be seen in Figures 2.16 and 2.17.   
Pin designs have developed over the years from straight cylindrical cones to tapered 
cones, triangular shapes, threaded and fluted pins, and so on.  Some of the more efficient 
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pins used today are the threaded and fluted pins.  Shoulder geometries have also progressed 
over the years from flat shoulders to convex and concave shapes to very complex shoulder 
features as seen in Figure 2.17.  One of the most common designs for shoulder and pin 
combinations for aluminum alloy FSW is the scrolled shoulder tool with a threaded conical 
pin, seen in Figure 2.18.   
 
 
Figure 2.16:  WorlTM and MX TrifluteTM pin shapes developed by TWI. (Copyright© 
2001, TWI Ltd).[5] 
 
 




Figure 2.18:  Scrolled shoulder and threaded pin examples for FSW.[5] 
  
 Tool material for non-consumable use is just as important as the tool geometry, and 
the recommendations are shown in Table 2.4.  These tool materials are general 
recommendations and other tool materials may be chosen. 
 
Table 2.4:  FSW tool materials for specific thickness and alloys.[5] 
Alloy Thickness (mm) Tool Material 
Aluminum Alloys <12 Tool steel, WC-Co 
<26 MP159 
Magnesium Alloys <6 Tool steel, WC  
Copper and Copper 
Alloys <50 
Nickel alloys, PCBN, tungsten 
alloys 
<11 Tool steel 
Titanium Alloys <6 Tungsten alloys 
Stainless Steels <6 PCBN, tungsten alloys 
Low-Alloy Steel <10 WC, PCBN 
Nickel Alloys <6 PCBN 
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2.2.3 Macroscopic Weld Zones.   Friction stir welding produces several 
classified zones in which the material properties differ from the base material.  These zones 
are illustrated in Figure 2.19.  For a friction stir welded or processed material, there is the 
stir zone (SZ), the heat affected zone (HAZ), the thermomechanically affected zone 
(TMAZ), and the base material.   
The inner most section of the zones is the SZ, encompassing the nugget region, 
circled in Figure 2.19.  This stir zone contains the plastically deformed and recrystallized 
grains where the joint is located.  The SZ should penetrate to the full thickness of the 
material.  Outside of the SZ is the TMAZ; this zone is affected by some plastic deformation 
as well as a large amount of heat generated during the joining of the materials.  For 
aluminum alloys, it is possible for plastic deformation to occur without recrystallization in 
the TMAZ, and there is usually a very distinct, visible boundary between the SZ and the 
TMAZ, as well as the TMAZ and the HAZ.[2]  The HAZ, outside of the TMAZ, is the zone 
where the heat has caused some change in microstructure and mechanical properties.  There 
is generally no plastic deformation of material visible in the HAZ.  Outside of the HAZ is 
the base material (BM), where the mechanical properties of the material are generally 
unaffected by the joining method.[2]  
 
 
Figure 2.19:  Microstructural classifications of a FSW:  a) base material, b) HAZ, c) 
TMAZ; circled is the SZ.[2] 
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2.2.4 Dissimilar Metal FSW.   The FSW of dissimilar alloys to one another has 
been studied with success for a variety of different aluminum alloys as well as the joining 
of aluminum alloys with steel or titanium alloys.  When applying this to a FSP fusion weld, 
this mixing mechanism is important.   
Usually the mixing of the two materials is done with one alloy on one side, and a 
different alloy on the other, making the advancing side and retreating side very important 
in the joining of the two materials.  For the processing of a fusion weld, the dissimilar metal 
is the weld bead, and it should be mixed uniformly during the FSP technique as long as the 
tool path is generated properly.  An important distinction in the success of mixing different 
alloys is the difference in alloying element levels in the two different alloys.[2]  It is possible 
for boundaries to form between the alloys that have mixed creating different structures 
within the stir zone.  This can create differing hardness values as well as varying 
microstructures.  This phenomenon is illustrated in Figure 2.20, and can be seen for both 
heat treatable and non-heat treatable dissimilar metal FSW.[2]   
 
 
Figure 2.20:  X-ray maps of stir zone regions in dissimilar welds: a) trace regions for 




2.2.5 Microstructure and Hardness for Heat Treatable Aluminum Alloys.   
For heat treatable alloys, much of the strength of the material is largely due to precipitates 
formed during heat treatments.  During fusion welding or friction stir welding, the 
precipitates are either coarsened or completely dissolved within the stir zone or weld 
nugget.  This is dependent on the weld temperature, but also creates the possibility for 
decreases in hardness over time as the material naturally ages, assuming no post-weld heat 
treatment is performed.  An illustration of the hardness profile, and changes over time, is 
given in Figure 2.21.  
For aerospace grade aluminum alloys, such as AA2024-T3, a precipitation 
hardened alloy, the FSW of the material creates a very fine microstructure, as seen in Figure 
2.22.   
Franchim et. al.[6] found that even with the gross plastic deformation, and dispersion 
of precipitates, the hardness values of the material after FSW was around 10% lower than 
the base material’s Vickers hardness values, as illustrated in Figure 2.23. 
 
 





Figure 2.22:  Microstructural regions for AA2024-T351 in two states: FSW stir zone 
(top) and base material (bottom).[6] 
 
 
Figure 2.23:  Vickers microhardness profile for FSW AA2024-T351.[6] 
 
 Aluminum alloy 7075-T6, as found by Rafi et. al.[7], behaves similarly to AA2024.  
The Vickers hardness of AA7075-T6 decreases by around 24% in the stir zone, as 
illustrated in Figure 2.24.  This is symmetrical around both sides of the weld, as was seen 
for AA2024.   
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Figure 2.24:  Hardness profile for AA7075-T6 FSW.[7] 
 
2.2.6 Microstructure and Hardness for Non-Heat Treatable Aluminum 
Alloys.   For non-heat treatable aluminum alloys, there are no precipitates formed during a 
heat treatment process. The material is either annealed (in the -O state), or cold worked (in 
a –HX state).  These different states provide different hardness profiles, illustrated in Figure 
2.25, but there is no natural aging associated with the material after FSW.   
 
  
Figure 2.25:  Hardness profile of AA5083-O and 5083-H321 after FSW.[2] 
 
For aluminum alloy 5052-O, the microstructure produced from FSW, illustrated in 
Figure 2.26, is fine and equiaxed.[8]   
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Figure 2.26:  Microstructure of AA5052-O after FSW for a) base material, b) material 
FSW at 500 RPM, c) material FSW at 1000 RPM, d) material FSW at 2000 RPM, and e) 
material FSW at 3000 RPM.[8] 
 
 Kwon et. al.[8] found that the hardness profiles for AA5052-O increased with 
decreasing heat input.  Provided that the FSW is free of major defects, the lower the 
temperature at which the material is welded, the higher the hardness in the stir zone.  While 
Kwon et. al. found the Vickers hardness to be higher than the base material for the annealed 
state, other tests performed by Zhang et. al.[9] on cold worked alloy AA5052-H112 found 
that the Vickers hardness profile of the FSW was lower than that of the base material.  The 
lowest of these hardness values found was approximately 45.7% lower than the base 
material value.[9]     
2.2.7 Microstructural Deformation.   In the stir zone region, commonly called 
the nugget region, a common structure of the stirred microstructure can take the form of an 
“onion ring” type structure, with alternating elliptical rings.   
There are variations in grain size with these differing rings in the nugget region.  
This creates differences in texture, dislocation density, and fractured particles.[2]  The 
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formation of the onion ring structure is usually dependent on the alloy being welded or 
processed, and it affects the mechanical properties of the specific alloy that has been 
friction stir welded.[2]   
Typically, within the nugget region, there is a fine, equiaxed grain structure, with 
grain sizes equaling a few micrometers.  There is typically a low dislocation density in the 
SZ, as well as high angle grain boundaries due to a bulk recrystallization of the material.   
For post-processing heat treatments, a base material-like structure can be achieved 
once more for the joined materials, this increases the material properties and can help create 
a part with exact specifications and material qualities.   
This heat treatment after FSW has proven successful for 1XXX, 2XXX, 6XXX, 
and 7XXX series aluminum alloys.[2]  It is plausible that a heat treatment after FSW can 
also create a rapid grain growth, diminishing the material properties, and creating  large, 
irregular grains, seen in Figure 2.27.   
 This post-weld irregular grain phenomenon can be combatted by increasing the 
weld temperature within the weld during processing, as well as decreasing heat treatment 
times and temperatures.[2] 
 
 
Figure 2.27:  Microstructure of AA2195 for a) before post-weld heat treatment, and b) 
after post-weld heat treatment.[2] 
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2.2.8 Tensile Properties.   The tensile properties of FSW are generally not 
uniform across the weld due to advancing side and retreating side differences. Tensile 
testing is done in one of two ways for welded structures: micro-tensile samples cut parallel 
to the welding direction that will represent BM, HAZ, TMAZ, and SZ, or cross sections of 
the weld, which represents the entire weld section.  The microstructure varies along the 
entirety of the tensile sample in this case.  The profiles of alloy AA2024 are given in Figure 
2.28.   
Heat treatable alloys usually fail at, or close to the edge of the SZ, or at the 
HAZ/TMAZ boundary region.  For non-heat treatable alloys, the failure is usually at the 
center of the SZ.[2] 
The tensile properties of specific alloys may behave differently for different classes 
and alloys, as well as differing tempers and cold working states.   
 
 
Figure 2.28:  a) hardness profile for AA2024, FSW at three different depths, and b) 
longitudinal tensile strength of AA2024.[2] 
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  For AA2024-T3, when friction stir welded, Franchim et. al. found that the 
particular temper, yields ultimate tensile strengths around 70-98% of the base materials’ 
strength.[6]  This is confirmed by Lockwood et. al.[10], and illustrated in Figure 2.29.   
 For aluminum alloy AA5052-O, Kwon et. al. found that the ultimate tensile 
strengths were comparable to the base material tensile strengths with the exception of the 
materials welded at very high temperatures (3000 RPM).[8]  In the H112 cold working state, 
Zhang et. al. found that the tensile strength increased by approximately 20% compared to 
the base material for friction stir spot weld with very short dwell times of spot welding.  
This spot welding is different from full friction stir welds as the temperature is lower than 
that of a full length weld.[10]   
 
 
Figure 2.29:  Engineering stress-strain curves for AA2024 for the base material and FSW 
material.[10] 
 
 For AA7075-T651, Mahoney et. al.[11] found that the ultimate tensile strength 
decreased by around 16% for the FSW sample, as compared to the base material.  A post-
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weld age treatment decreased that UTS further, as well as the elongation of the material in 
tensile testing.  This is summarized in Table 2.5. 
 For the T6 temper, Rafi et. al.[11] found that the tensile strength of the FSW 
decreased by 3-24%, dependent on weld parameters and heat input into the material.[7]   
 
Table 2.5:  Tensile properties of AA7075-T651 for base material, FSW, and post-weld 








Base metal (T651) 571 622 14.5 
FSW 365 525 15.0 
Post-weld age 
treatment 455 496 3.5 
 
2.2.9 Corrosion.   The corrosion behavior of the material changes as the material 
is welded by either FW or FSW process.   
Aluminum alloys 2024 and 7075 are particularly susceptible to corrosion due to their 
copper content.  For AA2024, corrosion occurs between the grains (intergranular 
corrosion) in the nugget, HAZ, and parent material, some amounts of pitting also occur.  
For 5XXX series aluminums, usually the parent material is more affected by corrosion, but 
because of low copper content, the material is not usually affected by intergranular 
corrosion.  These non-heat treatable alloys exhibit pitting in the BM, but the incidence of 
pitting is less predominant for the fine grains of the FSW.  Much like AA2024, AA7075 is 
largely affected by corrosion due to its copper content.  This material experiences 
intergranular corrosion in the HAZ, TMAZ, and parent material.  The SZ of AA7075 
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friction stir welds tends to be less affected by corrosion.[2]  The corrosion behavior of 
AA7075 is illustrated in Figures 2.30-2.34.[12][13] 
 
 
Figure 2.30:  TEM micrographs of AA7075 for a) SW60, b) T6, and c) T76.[12] 
 
 
Figure 2.31:  AA7075-T6 corrosion patterns of exposed surface (a and c) and cross 




Figure 2.32:  Micrographs of exposed surface (a, c and e), and cross-sections (b, d, f) for 
SW60 (a and b), T6 (c and d).[12] 
 
 




Figure 2.34:  Post-corrosion of AA707-T6 SZ.[13] 
 
2.3 FUSION WELDING AND FSP HYBRID PROCESSES 
Starting in 2004, the hybrid process began its study with Stainless Steel (SS) 304L 
with Colin J. Stirling’s[4]  thesis.  Using 12mm thick SS, arc welds were produced and FSP 
of the crown and root of the weld was performed.  Microhardness, as well as Tensile and 
fatigue testing were performed on the processed material.   
 The material was beveled to have a 60 degree angle at the site of the butt weld and 
was multi-pass welded using the flux core arc welding technique with 308 SS filler 
material.  This technique was found to create a sufficient root and crown for the weld as 
seen in Figure 2.35. 
 The FSP of the material was performed on a CNC vertical mill, controlling the 
rotational speed and linear rate of travel of the tool as well as downforce created upon the 
surface of the material.  For this SS304L substrate, PCBN tooling was used for FSP.  
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Processed at 400 RPM at 50 mm/min under 40kN of load, the FSP area was seen to be 
suitable with limited flash and processing occurring.  The arc weld was machined down 
before FSP to minimize uneven surfaces during processing of the weld, itself.  The crown 
of the weld was processed twice, and the root was processed once.  
 
 
Figure 2.35: Stainless Steel 304L arc weld formation.[14] 
 
Only the stir zone (SZ) was observed with Transmission Electron Microscopy 
(TEM). It was found that there is a distinct transition from the SZ to the base metal.  This 
was found to show a definite divide between the SZ into an austenitic region and a multi-
phase region.  This is illustrated by the white dotted line in Figure 2.36a, and the region 
shown in Figure 2.36b.  According to Stirling, this is due to the initial composition of the 
weld nugget and the base metal.   
It is also seen in Figure 2.36c, that material is stirred from the retreating side to the 
advancing side creating a smear of austenite in the fusion zone of the weld in the multi-
phase region.  As well as the austenite smear, there is a ferrite smear in the lower region of 
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the multi-phase region.  This is created by the flow of material during processing.  It is 
noted that the low amount of mixing is due to an “extrusion type process”.[4]   
 
 
Figure 2.36: a) overall photograph, showing general structure of the processed Stainless 
Steel 304L arc weld.  b) Difference in the stir zone between the austenitic region and the 
multi-phase region.  c) Advancing side SZ edge.[14] 
 
 There is also a limited amount of banding at the advancing side of the tool in the 
stir zone seen in Figure 2.37a and Figure 2.37b. This suggested that sigma had not been 
produced, but it was found using optical metallography with Murakami’s reagent 
modification.   
Sigma in SS304L is known to have low corrosion resistance, so its presence in the 
weld is not generally a wanted notion.  The sigma particles found can be seen in Figure 
2.38.   
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Figure 2.37: macrographs showing the effect of the processing parameters on the 
microstructure.  a) 400 RPM and 50 mm/min. b) 800 RPM and 130 mm/min.[14] 
 
 
Figure 2.38:  a) Sigma phase shown.  b) TEM showing sigma at triple point in dark gray  
with backscatter imaging showing the austenite in light gray.[14] 
 
A microhardness map of the sample was created and tensile testing was done for 
the material for both the arc weld and the processed arc weld following ASTM E-8 
standards.  Fatigue testing was done for both materials, arc welded and FS processed arc 
welded billets.   
Microhardness testing produced results suggesting an increase in hardness is 
present in the multi-phase region of the FSP and fusion welded material.  With the removal 
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of sigma and carbide present, the hardness decreased by 60 points due to austenite 
deforming into the voids created by the removal of the sigma and carbide.  An overall 
reduction of hardness was seen post FSP. This transfers to a “higher crack initiation 
resistance and a higher fatigue life”.[14]  It was concluded that FSP increased the tensile 
properties by 6%, with a 36% improvement in elongation.   The difference between the as 
welded billet and the FSP billet can be seen in Figure 2.39.[14]  
  
 
Figure 2.39: Tensile properties and elongation of the as welded billet vs. the FSP billet.[4] 
 
The fatigue life of the material was measured against the original assumption 
that the decrease in hardness would increase the fatigue life of the weld.  This 
assumption was found to be true, and is connected to the minimization of stress 
concentrations at the toes of the weld. This is illustrated in Figure 2.40 for each of the 
processing states.  The friction stir processed arc weld provides that the fatigue 
resistance is much the same as the weld bead ground flush.   
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Figure 2.40:  Fatigue curve for arc welds, FSP welds, and arc welds machined flat.[4] 
 
 Kazuhiro Ito et al.[15] went further into the study of the hybrid process with Stainless 
Steel 400 (SS400) plates.  Ito[15] followed in the footsteps of Christian B. Fuller et al.[16], J. 
S. de Jesus et al.[17], J. da Silva et al.[18], J. D. M. Costa et al.[19], and L.P. Borrego et al.[20], 
who all studied the effects of the hybrid process on AA5083 or AA6082.   
 Using 5 mm SS400 plates with an automated TIG welding system, welds were 
created between the two plates.  A tool with 0.8 mm long pin at 4 mm diameter and a 12 
mm shoulder was used at an operation speed of 400 RPM and 140 mm/min.   
The temperature was found to fall in the acceptable range for the material, above 
the alpha-gamma transformation temperature of SS400 steel.  The tool was manufactured 
from tungsten carbide, as opposed to the PCBN of Stirling’s[4] research.  The FSP was 
performed on the TIG weld bead.  The cross-sections of the TIG weld and the FSP area are 
seen in Figure 2.41.  The FSP was done only on the surface of the weld, and not for the full 
thickness of the weld bead.  
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Figure 2.41:  Cross-section views of the TIG weld and TIG+FSP regions.[15] 
 
 Tensile testing was performed on the specimens, as well as bending and bending 
fatigue tests.  All tests were performed for the as welded specimens as well as the FSP 
specimens.   
Ito [15] found that the strain rate increased for the TIG+FSP specimens during tensile 
testing of the material, seen in Figure 2.42.   
Bending testing provided that both of the stress-strain curves for TIG and TIG+FSP 
specimens depended on the strain rate, shown in Figure 2.43a and Figure 2.43b.  The 
bending strength of the SS400 with just TIG increased with increasing strain rate, and the 
TIG+FSP specimens increased largely with decreasing strain rate.  
This brings about the conclusion that the FSP creates a microstructural change that 
improves the bending resistance of the material significantly.   
The bending strength of the material was improved 40% with the addition of FSP 
to the TIG weld.   
 The bending fatigue testing provided results consistent with the bending tests 
procured from the SS400 samples.  The TIG+FSP sample performed well, with an 
increased number of cycles to failure over that of the TIG sample, seen in Figure 2.44. 
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 To provide microstructural evidence of why these bending and bending fatigue tests 
showed improvement from TIG to TIG+FSP specimens, Scanning Electron Microscopy 
(SEM) imaging of the weld and processed weld were done.  Seen in Figure 2.45, the SEM 
images provide the reason, an ultrafine microstructure was created by FSP beneath the 
surface of the specimen.  The addition of FSP to the TIG weld produced a 170% increase 
in the cycles to failure.  
 
 
Figure 2.42: Tensile testing of TIG and TIG+FSP specimens.[15] 
  
 
Figure 2.43: Stress-strain curves for SS400 in bending tests at a strain rate of: a) 1x10-5 s-




Figure 2.44:  Bending fatigue tests for SS400 with both TIG and TIG+FSP samples.[15] 
 
 
Figure 2.45:  SEM imaging of TIG welded specimens and TIG+FSP specimens for 
SS400.  a) TIG only SS400.  b) TIG microstructure just beneath the surface.  c) TIG 
microstructure 2mm below the surface.  d) TIG microstructure 3mm below surface.  e) 
TIG+FSP SS400.  f) TIG+FSP microstructure just beneath the surface.  g) TIG+FSP 
microstructure 1mm below surface.  h) TIG+FSP microstructure 2mm below surface.[15] 
 
  This is further proved by the microhardness testing of the specimens, in Figure 
2.46.  The microhardness for TIG+FSP of SS400 was found to have higher Vickers 
Hardness than that of TIG alone.  The study of the friction stir welding of the plates, without 
a fusion weld, was not studied.   
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Figure 2.46:  Vickers Hardness performed at specific distance from weld center for a) 
TIG only and b) TIG+FSP SS400 specimens.[15] 
 
 Before Ito[15], and sometime after Stirling’s initial research on the hybrid process, 
Christian B. Fuller et al.[16] started on the topic of aluminum alloys for the hybrid process 
instead of stainless steel.  Fuller, C. et al.[16] focused his study on the modification of 
GMAW welds using FSP with the AA5083-H321 alloy with AA5356 as a filler material.  
Fuller, C. et al.[16] studied the as welded samples as well as GMAW with FSP at the toe 
and the crown of the GMAW weld.  It is noted that the structural aluminum alloys such as 
5083 are negatively affected by arc welding, by creating lower fatigue resistance, as well 
as other detrimental qualities of the weld.  Past processes included increasing reinforcement 
at the weld, which increased the weight of the structure.  For this study, Fuller et al.[16] used 
automated MIG welding as well as FSP at 1600 RPM and 406 mm/min.  There were two 
FSP passes per sample at each of the arc weld toes.  The FSP of the weld crown was 
operated at 400 RPM and 203 mm/min at a single pass.  The tool material for FSP of 
AA5083-H321 was the alloy MP159.  The study included two different weld toe FSP 
studies including the arc weld nugget on the advancing side, and the arc weld nugget on 
the retreating side of the FSP tool.  As stated earlier, the as welded samples were studied 
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as well as the welded samples with additional FSP over the weld crown.  Examples of the 
FSP processes are seen in Figure 2.47.   
 
 
Figure 2.47:  FSP approaches for Aluminum Alloy 5083-H321 at a) weld toe FSP with 
weld nugget on advancing side of tool, b) weld toe FSP with weld nugget on retreating 
side of tool, and c) weld crown FSP.[16] 
 
 For FSP of the weld toe, a tool of 3 mm long, tapered pin, and 11 mm diameter 
shoulder was used.  For the weld crown, a scrolled shoulder tool with 28.6 mm diameter 
shoulder and 3 mm long pin was used.   
 The microstructure of the samples was studied at the nugget, the heat-affected zone 
(HAZ) surrounding the weld nugget, and the base metal (BM) outside of the HAZ.  Both 
SEM and TEM were used for the study.   
 Tensile testing, with micro-tensile tests, was performed for all samples, as well as 
subsized tensile testing.  A four point bending fatigue test was performed for each of the 
specimens, as well as tensile and microstructural testing. 
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 It was found by light microscopy that the addition of FSP did not produce 
significant differences in the BM grain structure as well as the arc weld nugget region.  In 
the weld toe, finer grained material was found after FSP, and the FSP of the weld crown 
was found to create a layer of very fine-grained material.  This light microscopy is 
illustrated in Figure 2.48.   
 
 
Figure 2.48:  Light microscopy of AA5083-H321 arc weld as a) arc weld only, b) weld 
toe FSP with nugget on advancing side of tool, c) weld toe FSP with weld nugget on 
retreating side of tool, d) weld crown FSP.[16] 
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 Seen in SEM imaging, Figure 2.49, the arc weld contains porosity in the weld due 
to insufficient solidification of the melt pool, as well as an addition of particles containing 
Mg and Si.   
 
 
Figure 2.49:  SEM Imaging of AA5083-H321 with a) arc weld nugget with porosity 
(labeled as 1), b) HAZ with Mg2Si and Al6(Mn,Fe) (labeled 2 and 3, respectively), and c) BM regions with Mg and Si particles in the Mg2Si phase, labeled as 2, and Al6(Mn,Fe), labeled as 3.[16] 
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 TEM analysis, with EDX (energy-dispersive X-ray) of the substrate, confirmed the 
presence of the two phases that were seen in the SEM imaging in Figure 2.49.  
 The presence of corrosion inducing precipitates, post FSP, were not found in the 
imaging of the weld area.  All porosity was also found to be eliminated by the FSP of the 
toe and weld crown regions of the samples originally found in the MIG welds. 
 Tensile testing provided that all testing failure occurred in the arc weld nugget 
region, and the addition of FSP increased the tensile properties of the arc weld by 19%.   
 Fatigue testing provided that the number of cycles to failure increased with the 
addition of FSP to the MIG weld of the samples, provided in Figure 2.50.  
 
 
Figure 2.50:  Bending fatigue testing results of AA5083-H321.[16] 
 
 This is presumed to be because of removal of surface and sub-surface defects and 
increasing the strength of the weld nugget by refining the grain structure within it.   
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 Vickers microhardness testing was also performed on the samples, seen in Figure 
2.51, and provided that the addition of FSP, yet again, increased the hardness of the weld 
toe for both FSP situations, with the weld toe on the advancing side of the tool and the weld 
toe on the retreating side of the tool.   
 
 
Figure 2.51:  Vickers microhardness testing done on AA5083-H321 for weld toe areas of 
samples.[16]  
 
Following Fuller, C. et al.[16], L.P. Borrego et al.[20] studied fatigue life 
improvements of AA5083-H111 MIG butt welds by the addition of FSP.  Using MIG 
welded butt joints of AA5083-H111 6 mm plates, the study included the FSP of the toe at 
each side of the weld.  Using the parameters of 1500 RPM at 240 mm/min with a tilt angle 
of 2.5 degrees, the FSP did not have an axial load control.  Borrego et al.[20] used the surface 
of the material as a reference point for FSP.  The tool used had a threaded pin with diameter 
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of 3 mm and length of 2.5 mm.  The shoulder had a 6 mm diameter.  The material of the 
tool is not specified in the experimental procedure by the group.   
Post welding and FSP, Borrego et al.[20] studied the difference in samples using 
fatigue and tensile testing as well as optical microscopy.  Illustrated in Figure 2.52 and 
Figure 2.53, the imaging of the weld, pre and post FSP, show vastly different 
microstructures.  During MIG welding, the microstructure of the base material is partially 
destroyed in the HAZ, and the presence of defects is easily seen.  With the addition of FSP, 
however, the weld nugget is seen to have refined microstructures of fine grains, and the 
weld defects from MIG welding are seen to be eliminated in the HAZ and thermo-
mechanically affected zone (TMAZ).  This confirms the findings found by Fuller et al.[16].  
The MIG welding provided for different filler material in the joint, hence also providing a 
differing microstructural configuration as opposed to the base material and its characteristic 
grain orientation.   
 
 
Figure 2.52:  MIG weld imaging of AA5083-H111 at a) base material, b) weld toe, c) 




Figure 2.53:  MIG + FSP of AA5083-H111 at a) weld nugget, b) weld toe, and c) 
TMAZ.[20]  
 
Using Vickers hardness testing, it was found that the hardness of both the MIG 
weld and the FSP areas are lower than that of the BM at the melt zone of the weld, but the 
MIG+FSP samples indicated that the hardness was largely increased for the FSP areas.  
This is suspected to be largely due to grain refinement during FSP.  The profile of the 
hardness testing can be seen in Figure 2.54.   
 The tensile strength was measured on the BM, the MIG welded samples and the 
samples with both MIG welding and FSP.  It was found that the yield strength did not 
change post-welding, even with FSP present, but the UTS of the sample increased with 
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FSP.  For all cases, the BM was found to have higher tensile properties than either of the 
welded samples.  The elongation was not changed with FSP.   
 Fatigue life was found to improve significantly with the addition of FSP to the MIG 
welds, but it was found to not surpass that of the base material, as illustrated in Figure 2.55.  
This is also due to the refinement of grain structure brought upon by the addition of FSP. 
 
 
Figure 2.54:  Hardness profiles of AA5083-H111 showing both MIG and MIG+FSP 
samples.[20] 
   
 
Figure 2.55:  Fatigue life for AA5083-H111.[20]  
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 J.S. de Jesus et al.[17] went further into the study of the hybrid process of fusion 
welding and friction stir processing by studying the effects of tool geometry on the 
processing itself as well as the fatigue strength of MIG T welds for both AA5083-H111 
and AA6082-T651.  It was ultimately found by this study that only the tools that had 
concave shoulders with rounded edges and cylindrical threaded pins allowed the 
improvement of fatigue strength of the MIG welds for these two alloys.   
 The MIG welds were performed on 6 mm thick substrates of both alloys with 
AA5356 filler metal.  FSP was performed using several different tools, seen in Figure 2.56. 
   
 
Figure 2.56: Tools A-E as tested for AA5083-H111 and AA6082-T651.[17] 
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 For alloy 5083-H111, Tools C, D and E were used.  These tools had processing 
parameters of 1500 RPM and 120 mm/min transverse speed.  Tools C and E had tool angle 
tilt of 13 degrees, while tool D had a tilt of 2.5 degrees.  For alloy 6082-T651, tools A, B 
and E were used.  These tools used parameters of 1500 RPM and 240 mm/min transverse 
speed.  Tools A and B used a 2.5 degree tilt, while tool E had a 13 degree tilt.  Each tool 
was used for 2 passes on the T welds.  Tools A, B and D used an operation illustrated in 
Figure 2.57, while tools C and E used an operation illustrated in Figure 2.58.   
 
 
Figure 2.57:  Tool operation of tools A, B, and D.[17] 
 
 
Figure 2.58: Tool operation of tools C and E.[17] 
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 The MIG welds were visually good, without defects on both alloys.  The FSP of 
these MIG welds changed the geometry of the weld toes of the T weld. Macrographs of the 
unprocessed welds can be seen in Figure 2.59.   
It was found that different tool geometries created different flow patterns within the 
materials.  This affected the microstructure and, subsequently, the hardness profiles of the 
samples and the fatigue life.  These findings provided that the best choice for the FSP of 
the MIG welds in the T joint were produced by tool B, using concave shoulder geometry.  
The convex shoulder geometries were found to create weld defects such as cavities or 
reductions in the thickness of the samples.  Tool B provided increased fatigue strength for 
both alloys 5083-H111 and 6082-T651. 
 Following in the footsteps of Fuller et al.[16], J. da Silva[18] studied the effects of the 
addition of FSP to MIG butt welds on the fatigue behavior of the samples.  The alloy chosen 
for this fatigue study was AA6082-T6.   
 
 
Figure 2.59:  Macrographs of unprocessed MIG welds on 1a) AA6082-T6651 BM 
microstructure, 1b) microstructure of weld toe, 2a) AA5083-H111 BM microstructure, 
2b) weld toe microstructure.[17] 
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 The alloy chosen was 6 mm thick and heat treated before the study.  MIG butt welds 
were used with reinforcement (MIG_R) and no reinforcement (MIG_NR)[18], with post-
processing techniques using the FSP parameters of 1500 RPM, and a transverse speed of 
240 mm/min at 2.5 degree tilt.  The tools used were of unspecified material.  These two 
different tools, illustrated in Figure 2.60 and Figure 2.61, were designed for each of the 
MIG weld types.   
 
 
Figure 2.60:  Tool used for FSP of AA6082-T6 with MIG_R type butt welds.[18] 
 
 
Figure 2.61: Tool used for FSP of AA6082-T6 with MIG_NR type butt welds.[18] 
 
54 
 The microstructure of the MIG welds and the MIG+FSP welds were studied, 
providing that a large grain refinement is produced by the addition of FSP.  It should be 
noted that FSP was only induced at the weld toes of the MIG welds and not on the weld 
crowns of the samples.   
 The microstructure of the reinforced and non-reinforced MIG welds can be seen in 
their post-processed states in Figures 2.62 and 2.63, respectively.  It is seen that a removal 
of porosity and defects are shown for both types of MIG weld.  The non-reinforced MIG 
weld shows less striated TMAZ zones while the reinforced MIG weld shows streaked 
patterns in the microstructure.  The grains in the reinforced MIG weld were plasticized, but 
not recrystallized in FSP.  In the non-reinforced MIG weld, these grains seem to have 
recrystallized.   
 
 
Figure 2.62:  Microstructure of AA6082-T6 after FSP of MIG_R welds at a) toe of weld, 
b) TMAZ on the advancing side of the tool, c) weld nugget, d) TMAZ on the retreating 




Figure 2.63:  Microstructure of AA6082-T6 post-FSP on MIG-NR welds at a) TMAZ on 
advancing side of the tool, b) melted material at retreating side, c) TMAZ at retreating 
side of the tool and the nugget region.[18] 
  
 Hardness testing before and after processing of the welds using FSP show lowered 
hardness in the HAZ and a smoother transition to the BM than the original MIG welded 
samples, seen in Figure 2.64.   
 
 
Figure 2.64:  Hardness profiles of AA6082-T6 with MIG and MIG+FSP profiles.[18] 
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 Tensile testing provided that reinforced MIG welds created higher tensile properties 
than non-reinforced welds.  The non-reinforced weld with added FSP showed a decrease 
in tensile properties, while the reinforced weld with FSP showed an increase in tensile 
properties.  The MIG welded samples failed in the HAZ, while MIG_R specimens with 
FSP failed in the retreating side, and MIG_NR with FSP specimens failed in the advancing 
side of the FSP path.  This coincides with the lowest hardness values seen for the MIG 
HAZ zones in Figure 2.64.  
 Fatigue strength testing showed that non-reinforced MIG welds, with and without 
FSP, performed better than the reinforced counterparts, shown in Figure 2.65.  This can be 
attributed to the recrystallization of the grains in the non-reinforced MIG welds.  As seen 
in Figure 2.63, the grains of the reinforced MIG welds were not recrystallized, but were 
merely plasticized during FSP.  This phenomenon also explains the tensile testing results. 
   
 
Figure 2.65:  Fatigue life profiles of AA6082-T6 for MIG welds with and without FSP.[18] 
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 J. D. M. Costa[19] continued the study of fatigue life improvement of AA6082-T651 
improvements in MIG welded T-joints with the addition of FSP.  Using a FSP tool 
illustrated in Figure 2.66, the MIG welds were post-processed with FSP at the following 
parameters:  1500 RPM, a transverse speed of 240 mm/min, and a tilt angle of 2.5 degrees. 
   
 
Figure 2.66:  Tool geometry for FSP of AA6082-T651, two different tools are used for 
this analysis, tool A and tool B.[19] 
 
 Microstructural analysis, as well as hardness, tensile testing, and fatigue testing 
were performed on the samples in the as-welded state as well as post-processed state.   
 The micrograph of the MIG welds, seen in Figure 2.67, shows the microstructure 
of the base material, as well as the welded joint.   
These structures are again seen in Figure 2.68, where the post-processing of the 
MIG welds is seen to have refined the grain structures of the welded areas.  It is found that 
tool B (seen in Figure 2.66) provides for a better surface finish of the post-processing.  Tool 
B removes some of the strange friction stir welding surface phenomena that occurred with 
other tooling.  This includes the creation of waves, as seen in Figure 2.68, as well as the 
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elimination of porosities, and lack of wetting.  Tool B creates a good surface finish, as well 
as a more uniform friction stir processed zone, and a more uniform grain structure without 
onion ring type structures introduced into the friction stir processed zone.  
It was found, with hardness testing, that the post-processing of the welds does not 
significantly alter the hardness of the material in the zones processed.  For alloy 6082, the 
hardening mechanism is not grain refinement or plastic deformation, but is due to the 
formation of hardening precipitates in the microstructure.  These precipitates were 
dissolved in MIG welding.  The hardness peaks of the MIG welding are removed during 
re-precipitation of the post-processing.[19]  This is illustrated in Figure 2.69.   
 
 




Figure 2.68: Micrograph of AA6082-T651 post-processed at 1a) Tool A process zones 
1b) Tool A poor surface finish and refined microstructure at weld toe. 2a) Tool B post-
processed weld nugget, 2b) Tool B post-processed weld toe, and 2c) Tool B grain 
refinement at weld toe.[19] 
 
 







 Tensile testing provides that FSP reduces the UTS of the materials while keeping 
the YS equivalent to that of MIG welding alone.  This is due to the re-precipitation process 
during post-processing.   
 The fatigue strength of the material is seen to increase with the addition of FSP due 
to a refinement of grain structure in the post-processed weld toe, seen in Figure 2.70.  This 
fatigue strength still does not come near the base material fatigue strength values.  The 
study of friction stir welded material, alone, was not studied. 
 
 
Figure 2.70:  Fatigue profiles of AA6082-T651 for BM, as-welded, and post-processed 
states.[19] 
 
 Aside from the two structural materials discussed, K. Prasad Rao et al.[21] presents 
findings for AA2219-T6 GTAW with additional FSP.  The study encompasses the 
corrosion resistance of the as-welded sample as compared to the post-processed sample.   
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 The base material studied was 6 mm thick AA2219-T6 alloy, welded with GTAW 
with AA2319 filler metal.  FSP tools of high carbon steel were used at a rotational speed 
of 1000 RPM, and a transverse speed of 120 mm/min, with a normal force of 7.85 kN.   
 The samples underwent microscopy observation, as well as corrosion testing.  The 
microscopy showed that the FSP of the samples provided for refined grain structure in the 
fusion zone (FZ) and the partially-melted-zone (PMZ), shown in Figure 2.71.   
This refinement of grains includes a modification of the hard second phase particles 
due to severe plastic deformation.  The grain structure is highly modified, but some of the 
harder particles can still be seen within the microstructure.  
 
 
Figure 2.71:  AA2219 GTA welds at a) unprocessed FZ, b) unprocessed PMZ, c) FSP 
FZ, and d) FSP PMZ. [21] 
 
 Corrosion testing, seen in Figure 2.72, shows the corrosive behavior of the copper 
within the weld vs. the homogenized FSP regions in which the weld is present, post FSP.  
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This combination of grain refinement and homogenization creates a better corrosion 
resistance than the as-welded structures.   
 
 
Figure 2.72:  AA2219 microscopy of corrosion tested samples of a) unprocessed FZ, b) 
unprocessed PMZ, c) FSP FZ, and d) FSP PMZ. [21] 
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3.1.1 Materials.   Three aerospace grade materials were chosen for comparison 
in this study, AA2024-T351, AA5052-H32, and AA7075-T651.  Aerospace grade is 
defined for a variety of variables for aluminum alloys.  Alloys which include manganese, 
chromium, magnesium, and silicon have corrosive resistance, while alloys that contain 
copper are more prone to corrosion.  Aerospace grade aluminum alloys are widely used in 
aircraft due to high strength to weight ratios and manufacturing capabilities.  Aerospace 
grade alloys are defined due to their ranges of hardness, malleability, ductility, elasticity, 
toughness, density, fusibility, etc.  All aerospace grade materials are subject to very specific 
standards specified by ASM.  These materials have narrowed ranges of alloying elements 
and properties as compared to their non-aerospace grade counterparts.[22]   
Three materials were chosen for study for this hybrid process due to their relevance 
in aerospace applications.   
These materials were ordered through Kaiser Aluminum out of Spokane, WA.  
These materials were certified as aerospace grade aluminum alloys, and their relevant 
properties for the specific batches purchased are shown in Tables 3.1-3.3 for AA2024-
T351, Tables 3.4-3.6 for AA5052-H32, and Tables 3.7-3.9 for AA7075-T651.  The fusion 
welding filler material, AA5356, has the chemical composition listed in Table 3.10, and 
the material properties listed in Table 3.11.  All plate materials were bought in 304.8 mm 
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x 914.4 mm x 6 mm sizes, and cut to 304.8 mm x 304.8 mm x 6 mm sections for welding, 
testing and FSW/FSP.   
 
Table 3.1:  AA2024-T351 Chemical Composition.[23] 
 
 
Table 3.2:  AA2024-T351 Mechanical Testing Results for Batch Purchased.[23][24] 
 
 
Table 3.3:  AA2024-T351 Material Properties.[24] 
 
 
 The properties for the AA5052-H32 material are given below for the specific 
batch of aerospace grade aluminum alloy purchased.  The chemical composition of this 
material is closer to the composition of the filler material used than the other alloys.   
Si (%) Fe (%) Cu (%) Mn (%) Mg (%) Cr (%) Zn (%) Ti (%) V (%) Zr (%) Other Al (%)
Min. 0.00 0.00 3.80 0.30 1.20 0.00 0.00 0.00 0.00 0.00 0.05 94.65
Max. 0.50 0.50 4.90 0.90 1.80 0.10 0.25 0.15 0.05 0.05 0.15 90.65
Batch
AA2024-T351 0.09 0.18 4.60 0.74 1.30 0.01 0.11 0.02 0.01 0.00 0.05 92.89
AA2024-T351Chemical Composition:
YS (Mpa) UTS (Mpa) Elongation (%)
Min. 345.00 483.00 18
Max.
142199B9 825 1913210 2024 1 342.00 487.00 16.9






Lot No. Cast No. Metal ID Alloy
Vickers Hardness Thermal Conductivity (W/mK) Solidus (°C) Liquidus (°C)
137 121 502 638
Relevant Material Properties: AA2024-T351
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Table 3.4: AA5052-H32 Chemical Composition.[25] 
 
 
Table 3.5:  AA5052-H32 Mechanical Testing Results for Batch Purchased.[25][26] 
 
 
Table 3.6:  AA5052-H32 Material Properties.[26] 
 
  
The properties for the AA7075-T651 material are given below for the specific 
batch of aerospace grade aluminum alloy purchased.  This material was harder and had 
higher tensile strengths than the other alloys used, AA2024-T351, and AA5052-H32.  
This material has a much lower solidus temperature than AA5052-H32, but its solidus 
temperature is very close to the 5XXX series alloy, and the 2XXX series alloy.  This 
alloy did not reach the specified elongation required by ASM.   
Si (%) Fe (%) Cu (%) Mn (%) Mg (%) Cr (%) Zn (%) Ti (%) Other Al (%)
Min. 0.00 0.00 0.00 0.00 2.20 0.15 0.00 0.00 0.05 97.60
Max. 0.25 0.40 0.10 0.10 2.80 0.35 0.10 0.05 0.15 95.70
Batch
AA5052-H32 0.07 0.20 0.00 0.10 2.45 0.21 0.00 0.01 0.00 96.958
AA5052-H32Chemical Composition:
YS (Mpa) UTS (Mpa) Elongation (%)
Min. 159.96 215.12 9
Max. 262.00
03/05/157DO 13085B45 53009038 5052 1 177.88 231.66 17





Spec No.AlloyMetal IDCast No.Lot No.
Vickers Hardness Thermal Conductivity (W/mK) Solidus (°C) Liquidus (°C)
68 138 607 649
Relevant Material Properties: AA5052-H32
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Table 3.7:  AA7075 Chemical Composition.[27] 
 
 
Table 3.8:  AA7075-T651 Mechanical Testing Results for Batch Purchased.[27][28] 
 
 
Table 3.9:  AA7075-T651 Material Properties.[28] 
 
 
 The filler material used has the compositional specifications below.  This filler 
material was chosen for all three alloys so that the welds would be of the same material.   
 
Table 3.10:  AA5356 Chemical Composition.[29] 
 
Si (%) Fe (%) Cu (%) Mn (%) Mg (%) Cr (%) Zn (%) Ti (%) V (%) Zr (%) Other Al (%)
Min. 0.00 0.00 1.20 0.00 2.10 0.18 5.10 0.00 0.00 0.00 0.05 91.37
Max. 0.40 0.50 2.00 0.30 2.90 0.28 6.10 0.20 0.05 0.01 0.15 87.12
Batch
AA7075-T651 0.07 0.17 1.50 0.06 2.40 0.19 5.50 0.03 0.01 0.01 0.05 90.01
Chemical Composition: AA7075-T651
YS (Mpa) UTS (Mpa) Elongation (%)
Min. 503.00 572.00 11
Max.
135157B6 816 1906515 7075 1 505.00 578.00 12





Lot No. Cast No. Metal ID
Vickers Hardness Thermal Conductivity (W/mK) Solidus (°C) Liquidus (°C)
175 130 477 635
Relevant Material Properties: AA7075-T651
Si (%) Fe (%) Cu (%) Mn (%) Mg (%) Cr (%) Zn (%) Ti (%) Be (%) Other Al (%)
Min. 0.00 0.00 0.00 0.05 4.50 0.05 0.00 0.06 0.00 0.05 95.29
Max. 0.25 0.40 0.10 0.20 5.50 0.20 0.10 0.20 0.0008 0.15 92.90
Chemical Composition: AA5356
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Table 3.11:  AA5356 Material Properties.[29] 
 
 
 All material properties for the batches listed are within the ASM specification for 
the specific alloys of materials.  
3.1.2 Friction Stir Welding.   Friction Stir Welding of all aluminum alloys in 
this study was performed using the ABB IRB 940 Tricept robot, shown in Figure 3.1.   
 
 
Figure 3.1:  ABB IRB 940 Tricept.[2] 
 
 This ABB robot has 6 axes of motion, and is designed for light deburring as well 
as pick and place type movements.[2]  In addition to its impressive mobility, the IRB 940 
has a vertical machining power of 12.75 kN and a horizontal machining power of 3.70 
kN.[2]  While these figures are impressive for deburring and pick and place movements, 
Relevant Material Properties:




they cause a hindrance to the FSW/FSP technique as it requires high lateral stiffness and 
large downforces.  The IRB 940 has a large work envelope, seen in Figure 3.2, which can 
reach 1600 mm swinging from left to right, as well as from front to back.   
 
 
Figure 3.2:  ABB IRB 940 work envelope.[2] 
 
 The FSW system installed on the ABB IRB 940 is a system designed by Friction 
Stir LinkTM.  The system is designed for high power requirements and is limited to spin up 
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to 3000 RPM.  Combined with the fast speeds possible on the ABB tricept robot, this 
friction stir system creates a possibility to create complex shapes and high quality friction 
stir weld joints.    Programs written for the IRB 940 can be found in Appendix C.   
 The Friction Stir Link system is accompanied by a specifically designed tool chosen 
based on the recommendations of Mishra et. al.[5] and has a scrolled shoulder with a tapered 
threaded pin.   
This design is trademarked and was purchased through MegaStir technologies.  
This tool is illustrated in Figure 3.3, 3.4, and 3.5, and has a 3.8 mm long tapered pin with 
a maximum base diameter of 4.74 mm; the shoulder has a 15 mm diameter.  This FSW is 
made of H13 steel, and was chosen to penetrate the full weld bead of a fusion welded 
material.  
The tool is designed to rotate in a counter clockwise direction, and the tool depth 
of penetration within the material can vary, dependent on parameters and the specific 
material being used.  The tool specifications to not give a longevity of tool use due to the 
high variability of the processing parameters possible for aluminum alloys.  
 
 




Figure 3.4:  MegaStir FSW threaded pin tool.[30] 
 
 
Figure 3.5:  MegaStir FSW Tool.[30] 
 
3.1.3 Hardness Testing.   Hardness testing for all samples for parameter testing 
as well as final materials processing was done with the Struers Duramin 5, pictured in 
Figure 3.6.   
The Duramin 5 is a Vickers hardness and microhardness tester that has a diamond 
bit designed to penetrate materials at a given force for a period of time.  The parameters 
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chosen for this test were 4.91 N for AA2024-T351 and AA7075-T651, which is defined as 
Vickers hardness, and 2.94 N for AA5052-H32, which is defined as microhardness, as the 
material was classified as much softer than the other alloys.  All hardness testing was done 
for 10 seconds of press time and then recorded.  A grid for hardness testing was created 
and each hardness data point was exactly 0.5 mm away from the next point in the x and y 
direction on the grid.  There were at least 100 data points taken from each sample to get a 
valid map of the hardness in each section of material from the base material, through the 
HAZ, the TMAZ, and within the SZ.  Each hardness point taken was viewed at 40X 
magnification and measured with the Duramin 5 software.  An example of an indent 
performed with the Duramin 5 on AA2024-T351 BM is given in Figure 3.7. 
 
 
Figure 3.6:  Struers Duramin 5.[31] 
 
 
Figure 3.7:  Indent for AA2024-T251 base material done on the Duramin 5. 
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3.1.4 Tensile Testing.   Tensile testing for all specimens was done with the 
ADMET mini tensile tester, illustrated in Figure 3.8.   
The ADMET tensile tester is designed for small gauge length samples with lower 
ultimate tensile strengths such as aluminum alloys, steels and stainless steel alloys.  This 
tensile testing set-up has a low stiffness which can create unwanted steps in tensile pull 
data.   
 
 
Figure 3.8:  ADMET mini-tensile tester.[32] 
 
 The mini tensile geometry designed at Missouri University of Science and 
Technology has several benefits over the geometries of other mini and micro-tensile 
specimens.  These mini-tensile samples are self-aligning along a single plane and have a 
standard gauge length.  The mini-tensile specimen sustains a gauge length of 1 mm x 1 mm 
x 3 mm.[32]  This specimen’s detailed drawing is given in Figure 3.9.   
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Figure 3.9:  Mini-tensile specimen detailed drawing.[33] 
 
 This tensile specimen has a simplified contact area and can be replicated to exact 
specifications easily by cutting with a high precision cutting device such as a wire EDM.  
This design also eliminates the pin holes from some of the other previously used mini-
tensile specimens.   
There is limitation to the effectiveness of the mini-tensile specimen for materials 
with larger grain sizes, as the larger the grain, the more likely the tensile sample is to break 
prematurely, due to the small gauge length dimensions.  This effect proved to be true for 
base material specimens of all alloys chosen for this hybrid process analysis, but the grain 
size for the fusion welded and friction stir welded alloys was sufficiently low to create 
more accurate results.   An extensometer was not used with the mini-tensile samples, and 
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therefore, the tensile data collected is used as a comparison study between the various 
processing states of the aluminum alloys.     
 The ADMET tensile tester first puts a pre-load on the sample and then starts the 
process of pulling the sample until a clean break is achieved.  It can be noted that if a 
sample is not fully broken, the tensile test is deemed unacceptable for analysis.    
3.1.5 Corrosion Testing.   Corrosion testing for all aluminum specimens was 
carried out using ASTM G110-92 (2015), which is an immersion type corrosion test using 
NaCl and hydrogen peroxide (H2O2).  This test is primarily used for heat-treatable 
aluminum alloys but can be used for other alloys as well.   This immersion corrosion test 
was developed to identify differences in the effects of other thermal processes on an alloy 
of material originating in a certain temper.[33] 
The specimens must be cleaned using an etching cleaner consisting of distilled 
water, nitric acid and hydrofluoric acid.  The specimens must be cleaned in the etching 
solution for 1 minute at 93oC, and then placed in concentrated nitric acid for one minute 
more.  After this, the material can be transferred to the test vessel for immersion.   
For this test, pint sized tempered glass jars were used to separate the samples, and 
also provide a closed environment for the test.  The cleaned samples were submersed in 
the solution of salt and hydrogen peroxide for 24 hours and then pulled out, rinsed in 
distilled water, and then air dried.[33]   
The samples were then examined for the areas of most corrosion by use of optical 
microscopy, and then cut using wire EDM for those large sections.  Sections were cut to 
the largest possible area to be mounted in Bakelite for polishing and imaging with a SEM. 
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3.2 FUSION WELDING 
Fusion welding for aluminum alloys 2024-T3, 5052-H32, and 7075-T651 were 
performed via TIG welding processes with AA5356 filler.  The plates were milled to have 
a v-notch shape for the weld bead to fill into the full 0.25” thickness, shown in Figure 3.10.  
All welds were done at 200 A, for a full 6” weld, joining two 6” x 6” x 0.25” plates together 
for further analysis.    
 
 
Figure 3.10:  Fusion weld bead and v-notch pattern used for alloy joining. 
 
 For fusion welding, the solidus and liquidus temperatures play a very important 
role.  The crack resistance of a material being fusion welded is directly correlated to 
the liquidus and solidus temperatures of the specific alloy.  If the difference in the 
liquidus and solidus temperatures is large, there is more incidence of cracking in the 
joint seen.  A material with a small difference between the two temperatures will be 
easier to join with less incidence of cracking in the joint.[34]  This phenomena plays 
into the belief that AA2024 and AA7075 should not be welded as their gaps between 
solidus and liquidus temperatures are 136 oC and 158 oC, respectively.  The gap 
between solidus and liquidus temperature of the weldable AA5052, however, is only 
42 oC.  This gap makes AA5052 easier to weld with traditional fusion welding 
techniques. 
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3.3 FRICTION STIR WELDING 
All friction stir welds were performed using the ABB IRB 940 and Friction Stir 
Link system with the scrolled shoulder, and tapered threaded pin tool designed by 
MegaStir.  Because of the lack of stiffness in the IRB 940, parameter testing was necessary 
to achieve the best weld quality possible with the equipment used.  After parameter testing 
was accomplished, the materials to be joined were friction stir processed for the fusion 
welded material and friction stir welded for the base material.   
Clamping was done with Bessey adjustable clamps that can be set for a multitude 
of thicknesses, and are bolted directly to any type of table.  In this case, a large steel table 
with pre-drilled bolt holes was used with four Bessey clamps holding down the materials 
being welded and processed.  The clamp chosen was the Bessey 751S[35], which has a 
maximum clamping force of 122.8 kN; this clamp is illustrated in Figure 3.11.   
These clamps provided that the part did not move while being processed by 
providing significant downforce on the workpiece.  Clamps were positioned at various 
angles surrounding both plates to achieve this as well.   
 
 
Figure 3.11:  Bessey 751S clamp for FSW.[35] 
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3.3.1 Parameter Testing.   For parameter testing, AA2024-T351 was chosen as 
a test subject because of its lower thermal conductivity as compared to AA5052-H32 and 
AA7075-T651.  The parameter testing was started at moderate speeds and then both the 
RPM and the traversing speed were modified to change the weld quality.  For this testing, 
a FLIR infrared camera system was used to get a general idea of the weld temperature.  A 
still from the infrared imaging is given in Figure 3.12.  Any temperatures over the solidus 




Figure 3.12:  FLIR infrared imaging of parameter testing for FSW with AA2024-T351. 
 
 After falling within the correct temperature range, under the solidus, 16 different 
parameter tests were studied at varying RPM values and traversing speeds; this is 
summarized in Table 3.12.  The depth column represents the depth traveled to in 
comparison to the robot’s home position.  This depth was also altered to change the amount 
of flash obtained from FSW the material.  The depths were found by incrementing the tool 
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down into the material until shoulder contact was achieved.  Further, to achieve the 
maximum downforce possible by the robot, 12.8 kN, the depth was increased by .2 mm 
into the material.  A further penetration depth yielded excess flash and excess heat past the 
solidus of the material.  Several tests were done with RPM values below those listed in 
Table 3.12, but the limitations of the robots stability made it impossible to traverse the tool 
along the surface of the material, creating large amounts of vibrations in the robot arms as 
well as the friction stir system.  This was mostly due to the lower temperature associated 
with the slower rotational speed.  
 
Table 3.12:  Parameters used for testing of ABB IRB 940. 
Test Material RPM Linear Speed (mm/min) Depth (mm) 
1 2024-T351 1500 12 1264.5375 
2 2024-T351 700 15 1264.5375 
3 2024-T351 900 15 1264.8375 
4 2024-T351 1000 15 1264.8375 
5 2024-T351 1200 15 1264.8375 
6 2024-T351 1350 15 1264.6375 
7 2024-T351 1400 15 1264.5375 
8 2024-T351 1500 15 1264.5375 
9 2024-T351 500 30 1264.7375 
10 2024-T351 600 30 1264.7375 
11 2024-T351 800 30 1264.8375 
12 2024-T351 900 30 1264.9375 
13 2024-T351 1000 30 1264.8375 
14 2024-T351 1100 30 1264.8375 
15 2024-T351 1300 30 1264.8375 
16 2024-T351 1400 30 1264.9375 
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3.3.2 Friction Stir Welding of Base Material.   The friction stir welding of the 
base material plates was based off of the parameter testing for AA2024-T351, and then 
modified for the differing solidus temperatures and thermal conductivity values of the other 
alloys (AA5052-H32 and AA7075-T651).   
The base material was aligned using a program, written for the robot, which 
checked the tool path against the position of the plates: touching the plates at the beginning 
and end of the FSW to ascertain that the plates were aligned correctly, this program can be 
found in Appendix C.  The plates were then clamped down, and an automatic FSW program 
was started.  This program was created with five plunge stages for the insertion of the pin 
into the material joint so that the material could heat up gradually, and minimum deflection 
would be seen in the robot.  Once the last stage was reached, the tool was set to dwell for 
45 seconds and then traversed across the surface of the material with the parameters 
specified in Table 3.13.   
 
Table 3.13:  FSW parameters for base materials. 
Material 






AA2024-T351 1500 15 900 30 
AA5052-H32 3000 15 3000 30 
AA7075-T651 3000 15 2500 30 
 
 At the end of the FSW, the pin tool was pulled out at the same RPM as the traversing 
stage, and at 15 mm/min for all materials.  An example of a FSW performed is given in 
Figure 3.13.   
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Figure 3.13:  FSW of AA7075-T651 BM. 
 
3.3.3 Friction Sir Processing of Fusion Welded Joints.   The friction stir 
processing of the fusion welded joints took on much the same philosophy as the friction 
stir welding of the base material plates.   
The only difference is the added material of AA5356-O filler for the fusion welded 
sections, on which the top of the weld bead is ground down before processing.  This filler 
material has a much higher melting point than the alloys, and the thermal conductivity is 
greater than all three aluminum alloys studied.   
Due to these differences, the rotational and traversing parameters changed for all 
but the AA5052-H32 materials.  The parameters used for FSP of the FW zones is 
summarized in Table 3.14.  An example of FSP of the FW joints is given in Figure 3.14.  
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The weld bead, again, was ground down prior to friction stir processing of the joint surface 
to eliminate excess flash.   
 
 
Figure 3.14:  FSP of FW AA7075-T651. 
 
 As viewed with the FLIR system, the temperature of the welds did not vary much 
during processing, and stayed below the solidus temperatures at the following speeds.  
 
Table 3.14: FSP parameters for processing of FW zones. 
Material 






AA2024-T351 1500 15 900 30 
AA5052-H32 3000 15 3000 30 
AA7075-T651 3000 15 2500 30 
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3.4 SAMPLE PREPARATION 
3.4.1 Microhardness Sample Preparation.   Microhardness sample preparation 
was done via cutting perpendicular to the weld line via wire EDM.  The specimens were 
then mounted in BakeliteTM and polished using the LECO auto-polishing system with the 
parameters listed in Table 3.15.  The microhardness samples were polished for mirror 
finish, and no ASTM specifications were used for polishing.  Samples were rinsed between 
polishing sections.   
 







(N) RPM Rotation 
Planar 
Grinding             
Paper Water P240 Grit 120 30-40 300 CW 
    P320 Grit 120 30-40 300 CW 
    P400 Grit 120 30-40 300 CW 
    P600 Grit 120 30-40 300 CW 
Fine 
Grinding             
Paper Water P800 Grit 240 30-40 200 CW 
    P1200 Grit 240 30-40 200 CW 
Rough 




Silica .04-.05 μm 240 20-30 150 CW 
              
Final 




Silica .04-.05 μm 120 10-20 150 CW 
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3.4.2 Mini-Tensile Sample Preparation. For all specimens and material 
processing states being tested, at least ten tensile specimens were prepared for use with the 
ADMET tensile tester.  Tensile samples were cut into their “dog bone” shape perpendicular 
to the fusion weld or friction stir welded line of travel, and then sliced into 1 mm thick 
sections for testing.   The cutting process was done with a wire EDM for less incidence of 
notching and rough surfaces on the samples.  These specimens were all pulled with the 
exact same set up configuration with the tensile specimen grips, and all data was recorded 
with ADMET software for later analysis with MATLAB.   
3.4.3 Corrosion Sample Preparation.   Corrosion sample preparation was done 
via the specifications given in ASTM E3-11.  The samples were cut using the wire EDM, 
and large sections of the most corroded of areas were cut and mounted in BakeliteTM epoxy 
for polishing using the LECO Corp. auto polishing grinder.   
ASTM E3-11 gives specific polishing preparations for materials with specific hardness 
ranges.  These specific polishing preparations are highlighted in Table 3.16.  The polishing 
of the corrosion samples was done fairly similarly to the hardness samples.  It is imperative 
the ther materials not be polished too deeply as to eliminate the effects of corrosion on the 
surface of the materials.  Therefore, much care was used when mounting and polishing to 
stay within the specifications given. 
The corrosion samples, after polishing, were not etched with Keller’s reagent before 
imaging as specified in ASTM E3.  This was done to minimize the effects of the etching 
agent, and truly characterize the corrosion level on the surface of the material.  If not 
corrosion was seen, the material was to be etched with the reagent for 6-20s as suggested 
by ASTM G110.   
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(N) RPM Rotation 
Planar Grinding             
Paper/Stone Water 
P120-400 
Grit 15-45 20-30 200-300 CW 
              




Lubricant 6-15 μm  180-300 20-30 100-150 CW 
              
Rough 




Lubricant 3-6 μm 120-300 20-30 100-150 CW 
              








.04-.05 μm 30-60 10-20 100-150 CCW 
 
3.5 ANALYSIS 
Analysis for the three materials chosen: AA2024-T351, AA5052-H32, and 
AA7075-T651, was done using hardness testing, tensile testing and corrosion 
resistance testing.  These three properties were chosen as they are the most widely 
discussed for aerospace applications as well as marine and automotive applications.  
Analysis was performed for the materials in all four states of processing: base material, 
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friction stir welded material, fusion welded material, and friction stir processed fusion 
welds.   
3.5.1 Microhardness Analysis.   Hardness testing using the Vickers Hardness 
scale was performed using the Duramin 5 Microhardness tester.  For each column of ten 
data points, the hardness values can be analyzed and evaluated for determining the specific 
areas of the material.   
In this case, the weld bead for the fusion weld and its associated 
thermomechanically affected zone and heat affected zones are analyzed.  In the case of the 
friction stir welded and processed areas, the stir zone, thermomechanically affected zone, 
and heat affected zone area analyzed.  From here, the depth of penetration can be measured 
as well.   
Because two different hardness tests were used for AA2024-T351 and AA7075-
T651, compared to AA5052-H32, the latter alloy, AA5052, was analyzed for both the 4.91 
N and 2.94 N tests.  There was found to be a 0.26% difference in hardness values over the 
100 indents performed for each test, Vickers hardness and microhardness.  Therefore, it 
was deemed that the microhardness test would be more suitable for the alloy due to the 
large indents created with the Vickers hardness test, which almost exceeded the view 
window for the Duramin 5.   
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3.5.2 Mini-Tensile Analysis.   After the specimens were pulled on the ADMET 
mini-tensile tester, the data can be normalized for the ten tensile specimens pulled per 
sample of material for the parameter testing samples: base material, fusion weld, friction 
stir weld, and friction stir processing over the fusion weld. The data is then conglomerated 
for the specimens.   
A linear region must be found for each of the tensile pulls during analysis, and then 
the ultimate tensile curves are compared for each type of specimen.  This comparison can 
be used to validate the use of the hybrid process for manufacturing and part building on a 
larger scale.   
3.5.3 Corrosion Analysis.   After corrosion immersion using the specifications 
in ASTM G110, and the cutting and polishing of samples, corrosion specimens were 
examined with the use of the Helios 600 Scanning Electron Microscope (SEM).  
For the AA2024-T351 samples, the intergranular corrosion was visible without the 
etching of the surface.  The other aerospace grade alloys: AA5052-H32 and AA7075-T651, 
had to be etched with Keller’s reagent in order to see the grain boundaries and look for 
intergranular corrosion.  After etching for 10 seconds, the 7XXX and 5XXX series alloys 
were re-examined in the Helios 600 SEM at 500X.   
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4. RESULTS AND DISCUSSION 
 
 
4.1 PARAMETER TESTING FOR ABB IRB 940 TRICEPT ROBOT 
4.1.1 Microhardness.  The microhardness testing performed on the 17, 
parameter testing samples was done for both the 15 mm/min traversing speeds and the 30 
mm/min traversing speeds.  The parameter testing microhardness results are shown in 
Figure 4.1 for 30 mm/min and Figure 4.2 for 15 mm/min.   
For some of the parameter tests, significant voids were found under the stir zone 
due to excess heat in the joining process.   
 
 
Figure 4.1:  Vickers microhardness values for AA2024-T351 parameter testing for 30 















Distance from Weld Center (mm)
AA2024-T351 Parameter Testing
Base Material500 RPM, 30 mm/min600 RPM, 30 mm/min800 RPM, 30 mm/min900 RPM, 30 mm/min1000 RPM, 30 mm/min1100 RPM, 30 mm/min1300 RPM, 30 mm/min1400 RPM, 30 mm/min
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 The 30 mm/min traversing speed provided for overall higher hardness values than 
the 15 mm/min traversing speed. The best rotational speed was 500 RPM, which produced 
significantly better hardness values than the other rotational speeds.   
The 500 RPM weld only provided for 2 mm of tool pin penetration with a 0.5 mm 
void at the root of the weld.  The 1300 RPM weld yielded higher hardness values over the 
900 RPM weld.   
The 900 RPM weld quality was much higher, exhibiting no root flaws or voids in 
the weld path. The TMAZ of the 1300 RPM weld yielded hardness values 20.7% below 
the base material microhardness values found in the sample.   The HAZ yielded values 
12.3% below the BM values, and the SZ yielded hardness values 30.1% below the BM.  
For the 900 RPM FSW, the TMAZ is 21.1% lower than the BM, the HAZ is 11.1% below 
the BM and the SZ is 31.8% below the BM.   
 
 
Figure 4.2:  Vickers microhardness values for AA2024-T351 parameter testing for 15 

















Distance from Weld Center (mm)
AA2024-T351 Parameter Testing Base Material
700 RPM, 15mm/min900 RPM, 15mm/min1000 RPM, 15mm/min
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 The 15 mm/min friction stir welds provided for many root flaws and voids in the 
path under the stir zone, some of these voids were up to 1 mm in thickness.  This traversing 
speed was not chosen for final FSW of the base material.  The highest hardness values were 
found in the 1200 RPM and 900 RPM friction stir welds, which is close to the same as 
found with the 30 mm/min FSW.  The 900 RPM FSW had TMAZ hardness values 24.5% 
lower than the BM, HAZ values 13% lower than the BM, and SZ values 35.9% lower than 
the BM.  The 1200 RPM FSW has hardness values in the TMAZ 15.8% lower than the 
BM, HAZ values 10% lower than the BM, and SZ values 35% lower than the BM.  These 
values of the 1200 RPM FSW are higher than the 30 mm/min FSW, but there are voids 
located under the pin on all 15 mm/min welds.  These welds range from 0.5 mm to 1.0 mm 
in thickness.   
4.1.2 Tensile Testing.   The tensile testing of the parameters for both 15 and 30 
mm/min traversing speeds are illustrated in Figure 4.3 and 4.4.  The stepped areas in the 
data are due to the nature of the pulling mechanism in the ADMET mini-tensile tester.  
For the 30 mm/min tensile testing of the parameters used for FSW of AA2024-
T351, the highest of the tensile strengths was found to be the 900 RPM FSW.  The UTS 
of the 900 RPM weld was 342.7 MPa, which is 29% lower than the base material 
specification given by ASM at 483 MPa.  This falls within the range of the previous work 
which studied the mechanical properties of FSW on aluminum alloy 2024.   
For the 15 mm/min traversing speed, the 1200 RPM FSW had the highest UTS at 
369.7 MPa.  This is higher than the value found from the 900 RPM at 30 mm/min, and is 
23.5% lower than the base material value of 483 MPa.  The 1200 RPM weld, as specified 
before, had a large void at the base of the pin in the weld.  For this reason, the 900 RPM 
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weld at 30 mm/min was chosen for the final FSW of AA2024-T351, as it has the most 
comparable hardness values, as well as tensile strength, when compared with the base 
material.   
  
 
Figure 4.3:  Tensile results for AA2024-T351 parameter testing at 30 mm/min. 
 
 Friction stir welding of the alloy provided that the microstructure was refined for 
both of the traversing speeds.  For some of the rotational speeds used, as seen for the 30 
mm/min and 15 mm/min tensile testing results, not a significant difference was found 
between the rotational speeds, with a few exceptions.  The tensile specimens cut did not 
provide to insight into the surface quality of the weld or the weld quality below the 
surface.  Optical microscopy and hardness testing provided for the insight into the 
differences between the welded segments at different parameters.  The tensile testing 
further solidified the results of the hardness testing. 



























Figure 4.4:  Tensile results for AA2024-T351 parameter testing at 15 mm/min. 
 
   
4.2 ALUMINUM ALLOY 2024-T351 
The study of the effects of fusion welding, friction stir welding and the 
hybridization of the process on AA2024-T351 was studied and compared to the FSW of 
AA2024.  There is no general comparison for the fusion welding of AA2024-T351 as it is 
a non-weldable material.  This is illustrated in Figure 4.5, where a definite interface is seen 
between the base material on the left and the fusion weld on the right.  This interface is 
surrounded by porosities as well as liquation cracks, as observed in Figure 4.6.  It can also 
be noted that no fusion welded samples could be cut for tensile testing.  The joints created 
with fusion welding crumbled when cutting with EDM due to the significant amount of 
cracking within the structure.   



























Figure 4.5:  AA2024-T351 fusion weld interface with base material. 
 
 
Figure 4.6:  AA2024-T351 fusion weld liquation cracking. 
   
4.2.1 Microhardness.   For this aerospace grade alloy, the FSW surpasses the 
average values of the fusion weld in each section out from the weld center.   
The friction stir processed fusion weld has hardness values much below the friction stir 
weld and the fusion weld as it stirs the material in the weld zone for a more homogenous 
joint.  The fusion weld zone has the highest TMAZ hardness values at only 7.4% lower 
than the BM.  The HAZ of the FSW has the highest hardness values at only 10.8% lower 
than the BM, and the SZ of the friction stir processed fusion weld is higher than the friction 
stir welded material at 31.4% lower than the BM.  In some areas, the FSW is only 4% lower 
93 
than the BM.  The FSP over the FW is an average of 35% lower than the BM.  The 
microhardness values are summarized in Figure 4.7.   
 
 
Figure 4.7:  Vickers microhardness values for AA2024-T351 in four processing states. 
 
 For the hybrid process, the highest hardness values were found between the center 
of the weld and 1.0 mm out.  It can be noted that the addition of a second process over the 
fusion weld increased the TMAZ greatly as seen by the transition sections in the 
microscopy of the joining techniques.  This is illustrated in Tables 4.1 and 4.2.  The TMAZ 
of the fusion weld, highlighted in orange, is much smaller than that of the hybrid process.  
The FSP of the fusion weld penetrated much deeper than the weld bead, as can be seen in 
Table 4.2.  A summary of the Vickers hardness values is given in Table 4.3.  This yields 
an insight into how the material evolves with the addition of the extra process, and how it 
differs from the FSW material.  The material was studied for microhardness values 30 days 
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after processing for both the fusion weld and the friction stir welded samples.  Therefore, 
the hardness values could have changed due to natural aging over this time.  
 
Table 4.1:  Vickers microhardness values for fusion welded AA2024-T351. 
 
 
Table 4.2:  Vickers microhardness values for the FSP fusion weld of AA2024-T351. 
 
 
 The fusion welded zone is much softer than the base material, and the friction stir 
welded zone, due to the low hardness of the filler material: AA5356.  For the hybrid 
Grid: Key:
1 2 3 4 5 6 7 8 9 10 HAZ
150.5 136.2 139.3 132.2 91.3 83.2 102.3 90.5 100.7 98.8 TMAZ
135.7 134.7 140.3 142 134.7 104.7 86.5 112.7 111.2 100.4 SZ
115.8 133.7 138.2 141.4 137.7 139.8 127 113.1 87.3 87.6 Nugget
117.9 117.4 128.8 140.9 133.2 143 140.4 138.2 136.2 133.2 Weld Bead
118.3 116.2 115.4 133.2 140.3 138.2 139.3 139.8 139.3 138.8 Base Material
118.3 118.7 111.9 119.9 128.4 140.9 137.2 136.7 141.4 140.4 Void
116.2 116.2 113.9 116.6 117.9 125.2 139.8 132.7 135.2 135.2
119.5 118.3 113.5 114.6 117.9 115.8 125.6 132.7 136.2 138.8
119.1 119.5 118.3 117 115 113.1 116.2 119.1 130.3 130.3
119.5 121.2 116.4 116.6 113.1 112.7 115.8 119.5 115.8 119.9
BM Average 146.927 % Below BM
HAZ Average 117.969 19.71%
TMAZ Average 136.011 7.43%
Weld Bead Average 94.872 35.43%
Grid: Key:
1 2 3 4 5 6 7 8 9 10 HAZ
53.8 50.9 107 105.7 106.6 105.8 106.4 100.4 122 95.2 TMAZ
95.4 48.9 50.1 105.5 97 106.6 108.4 118.3 116.8 98.4 SZ
96.3 94.3 42.4 51.4 95.7 102.7 105.4 93.2 111.5 97.6 Nugget
87.4 98.9 96.5 93.4 88.8 84.5 101.2 110.6 114.3 97.1 Weld Bead
103.3 105.6 97.5 94.4 91.8 94.6 94.3 107.4 102.2 95.4 Base Material
100.1 99.9 100.6 98.2 92.3 94.3 96.4 104.3 93.5 85.7 Void
91.8 102.9 104.5 95.2 97.5 83.9 94.2 95.4 87 85.9
99.5 81.7 93.3 96.4 90.8 90 86 88.1 89.7 92
94.7 96.9 84.5 90.2 90.1 86.7 85.4 83.5 87 91.5
87.5 94.9 92.8 91.6 87.3 89.5 5.2 91 93.5 92.1
BM Average 146.927 % Below BM
HAZ Average N/A N/A
TMAZ Average 90.529 38.39%
Weld Bead Average 59.929 59.21%
SZ Average 100.762 31.42%
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process, the additional heat added, as well as the mixing of the softer material into the 
matrix of the harder AA2024, results in a lower set of hardness values for the processing 
state.  
   




4.2.2 Tensile Testing.   The tensile testing of the four processing states provided 
another insight into the validation of using a hybrid process.   
Illustrated in Figure 4.8, the friction stir processing of the fusion weld yielded a much 
lower UTS than the FSW material.  It would be interesting to compare this to the fusion 
welded material, but due to cracking within the material, samples for tensile testing were 
not able to be extracted from the fusion welded material, making its UTS value zero.   
 It can be noted that the base material value for mini-tensile testing is 13.6% below 
that of the ASM data value for the UTS of AA2024-T351.  This value, at 417.5 MPa, as 
compared to the ASM value of 483 MPa, could be largely due to the small gauge length of 
the miniature tensile samples cut.  The average grain size of the base material was found 
to be 221.3 μm, which only gives the ratio of the grain size to the gauge length of 1000 μm 
to be 1:5.  Since the material is rolled, the grains are longer in one direction than the other.  
When fusion welding occurs, the melting of the material decreases the grain size to create 
BM 146.927 BM 146.927 % Below BM BM 146.927 % Below BM BM 146.927 % Below BM
HAZ 117.969 19.71% HAZ 131.016 10.83% HAZ N/A N/A
TMAZ 136.011 7.43% TMAZ 120.938 17.69% TMAZ 90.529 38.39%
Weld Bead 94.872 35.43% Weld Bead N/A N/A Weld Bead 59.929 59.21%
SZ N/A N/A SZ 99.977 31.95% SZ 100.762 31.42%
BASE MATERIAL FUSION WELDED MATERIAL FRICTION STIR WELDED MATERIAL FUSION WELDED + FRICTION STIR WELDED MATERIAL
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a ratio of 3:100, which is much smaller than the original base material.  The friction stir 
welded material yields yet smaller grains than the fusion welded material.  The grain size 
was measured in the weld bead, TMAZ, and HAZ for the fusion weld, and was measured 
with over 200 grains per sample for the BM, FW, and FSW material.   
 
 
Figure 4.8:  Tensile strength comparison of AA2024-T351. 
  
 
 The UTS of the base material was found to be 417.5 MPa, 13.6% lower than the 
ASM requirement for AA2024-T351, as stated before.  For this analysis, a comparison 
study to the base material as found with the ADMET mini-tensile tester is done as well as 
a comparison of the processing states to the ASM standard.   




















FSW at 900 RPM and 30 mm/min
FSP over FW at 1800 RPM and 30 mm/min
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 The UTS of the fusion welded material was deemed to be zero due to the inability 
to cut a specimen from the welded material.  This is illustrated in Figure 4.9. 
 
 
Figure 4.9:  Weld bead flaw in AA2024-T351 FW material. 
 
 The tensile data from the friction stir welded material was found to be 32.4% lower 
than the ASM standard for the base material at 326.4 MPa, which is 21.8% lower than the 
base material value achieved with the ADMET mini-tensile tester.   
 The hybrid process, of the friction stir processed fusion weld, yielded a tensile 
strength of 248.3 MPa, which is 48.5% lower than the ASM standard, and 40.5% lower 
than the base material tested with the ADMET system.   
 The tensile curves of each individual test are given in Appendix A, which show the 
linear regions of each of the curves.  It must be stated that no YS was measured, due to the 
absence of an extensometer on the ADMET mini-tensile tester.   
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4.2.3 Corrosion.    The corrosion testing of AA2024 showed a good amount of 
intergranular corrosion for the base material, which was not seen in the FSW or FSP of the 
FW states.  The fusion weld itself yielded pitting and exfoliation corrosion.  
 Figure 4.10 shows the base material in its corroded state with a significant amount 
of intergranular corrosion around the large grains.  This corrosion could be seen at very 
small magnifications and, when magnified, the state of the corrosion can be clearly seen.  
There is not a significant amount of pitting obvious at the recommended 100X and 500X 
magnification levels.  The intergranular corrosion, imaged at 500X can be seen in Figure 
4.11. 
 For the fusion welded material, a more visible amount of pitting was seen, 
illustrated in Figure 4.12 and Figure 4.13.  The intergranular corrosion of the base material 
area is much the same as the unprocessed base material seen in Figure 4.11.   
The FSW shows some pitting and exfoliation corrosion around the SZ, but not 
much intergranular corrosion can be seen until the HAZ is reached.  The exfoliation 
corrosion evidence is seen in Figure 4.14.   
Some pitting on the surface is seen as well, but the incidence of large amounts of 
intergranular corrosion is not seen at the recommended magnifications.  Figure 4.15 shows 
the intergranular corrosion seen in the HAZ of the FSW material. The intergranular 
corrosion seen here is less common, and less intrusive than the corrosion seen in the 
unprocessed base material.   
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The friction stir processed fusion weld behaves much the same as the FSW material.  
Small amounts of intergranular corrosion (seen in Figure 4.16) are surrounded with some 
incidence of pitting and exfoliation.   
The difference between the SZ and the TMAZ can be seen in Figure 4.17, where 
the transition between the two zones causes a change in the corrosion type, from pitting to 
intergranular corrosion.  This is due to the differing thermomechanical effects on the 
material.   
 More images of the corrosion of aerospace grade aluminum alloy 2024-T351 in its 
four processing states can be found in Appendix B.   
 




Figure 4.11:  AA2024-T351 base material intergranular corrosion at 500X. 
 
 




Figure 4.13:  AA2024-T351 FW pitting corrosion at 500X. 
  
 




Figure 4.15:  AA2024-0T351 FSW intergranular corrosion at 500X. 
 
 




Figure 4.17:  AA2024-T351 corrosion of FSP over FW for SZ to TMAZ transition. 
 
4.3 ALUMINUM ALLOY 5052-H32 
The varying processing states of AA5052-H32 provided for interesting results 
when comparing the four different processing states.  AA5052-H32 is considered to be a 
weldable material, so therefore the fusion between the weld bead and the material should 
provide for a sturdy connection between the two materials.   
Due to the increased thermal conductivity as compared to AA2024-T351, the FSW 
of the material was more difficult to keep at a suitable processing temperature.  An example 
of the final FSW of the base material plates can be seen in Figure 4.18. 
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Figure 4.18:  FSW of A5052-H32 plates. 
 
4.3.1 Microhardness.   This aerospace grade alloy has a FW that has hardness 
values above the FSW and FSP, over FW zones, in each section out from the weld center. 
The friction stir processed fusion weld is comparable to the friction stir welded 
joint, in hardness values, along the SZ, HAZ, and TMAZ.  The TMAZ is hardest in the 
friction stir processed fusion weld at 22.6% lower than the BM, while the HAZ is hardest 
for the fusion welded material at 10.41% lower than the BM.  The SZ, however, is hardest 
in the FSW material at 18.4% below the BM.  The microhardness values are summarized 




Figure 4.19:  AA5052-H32 Vickers microhardness values for four processing states. 
 
 For the hybrid process, the highest hardness values were found between the weld 
center and 1.0 mm out from the centerline.  The addition of a second process over the 
fusion weld increases the TMAZ greatly, as seen by the transition section in the microscopy 
of the joining techniques.  This is illustrated in Tables 4.4 and 4.5.  The TMAZ of the fusion 
weld, highlighted in orange, is smaller than that of the hybrid process.  The FSP of the 
fusion weld penetrated much deeper than the weld bead, as can be seen in Table 4.5.  A 
summary of the Vickers hardness values is given in Table 4.6, and yields an insight into 
how the material evolves with the addition of the extra process, and how it differs from the 
FSW material.   
 The fusion welded zone is softer than the base material, but a bit harder than the 
FSW and FSP fusion weld.  This is due to the addition of the filler material, AA5356.  For 
the hybrid process, the additional heat added as well as the mixing of the two materials 
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does not have much influence in the hardness of the material as compared to the FSW 
material.  
 
Table 4.4:  Vickers microhardness values for fusion welded AA5052-H32. 
 
 
Table 4.5:  Vickers microhardness values for FSP fusion weld of AA5052-H32. 
 
Grid: Key:
1 2 3 4 5 6 7 8 9 10 HAZ
60.8 53.3 52.4 54.9 55.7 53.8 55.1 73.2 68.8 82.1 TMAZ
67.3 59.3 55.3 55 55 55.9 52.7 79.8 94 68.6 SZ
66.9 62.3 58.7 55.9 53.9 51.2 53.2 55.4 54.2 53.3 Nugget
69.7 68.1 63.5 59.8 53.5 52.8 52.9 53.9 55.4 53 Weld Bead
69.7 69.4 66.6 64.9 61.1 58.4 54.9 52.4 52.2 52.8 Base Material
71.8 68.2 69.9 70.2 66.2 63.5 62.5 52.3 53.8 54.1 Void
71.2 71 71.8 69.9 69.2 66.4 67.1 55.3 55.1 53.2
69.7 71.6 73 72 68.2 71 70 56.1 54.5 53.1
73.1 67.8 70.5 72.4 69.2 69.1 68 60.8 60.4 57.9
74.3 75.8 72.9 74.1 71.5 74.2 69.4 66.9 67.8 64.8
BM Average 70.447 % Below BM
HAZ Average 63.113 10.41%
TMAZ Average 54.313 25.57%
Weld Bead Average 77.750 -10.37%
Grid: Key:
1 2 3 4 5 6 7 8 9 10 HAZ
54.1 56.7 8.6 55 51.5 56.7 50.8 67.9 54.2 54.8 TMAZ
54.8 58.1 55.6 57.3 58.5 57.6 61.1 53.4 46 50.9 SZ
54.9 56.4 55.3 58.3 54.5 56.7 57.2 60.5 62.4 61.2 Nugget
54.8 56.5 54.8 59.3 55.2 57.5 55.2 62.1 63.1 63.4 Weld Bead
51.2 53.7 52.8 54 54.2 57 57.6 62.3 62.6 62.4 Base Material
52.2 53.5 51.7 52.8 50.2 52.1 52.7 55.4 63.1 61.7 Void
52.6 51.6 51.7 52.7 51.7 53.3 53.3 53.2 62.4 61.1
52.8 51.3 53.9 54.7 53.7 54.8 56.1 54.6 55 60.5
53.4 53.9 54.5 54.6 56.1 56.5 56.1 55.8 56.6 55.4
55.3 54.8 53.1 56 53.1 54.5 56 55.4 55.7 54
BM Average 71.628 % Below BM
HAZ Average 53.648 25.10%
TMAZ Average 55.435 22.61%
SZ Average 58.189 18.76%
Weld Bead Average N/A N/A
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4.3.2 Tensile Testing.   The tensile testing of the four processing states are 
illustrated in Figure 4.20.  The friction stir processing of the fusion weld yielded a higher 
tensile strength than the FSW.  The base material has a lower UTS than the fusion welded 
material, due to the filler metal within the joint.   
 The base material value for AA5052-H32 is 3% above the specification by ASM 
(228 MPa), at 235.15 MPa.  The grain size of the non-heat treatable alloy is smaller than 
that of AA2024-T351 and AA7075-T651, therefore providing the ADMET tensile test 
valid for this material.  The fusion welded material provided a higher UTS at 266.8 MPa, 
17% higher than the ASM standard for the alloy due to the AA5356 filler material within 
the joint.  The friction stir welded material is 39.9% lower than the ASM standard for the 
base material of AA5052-H32 at 137 MPa.  The higher UTS of the friction stir processed 
fusion weld is 14.8% lower than the base material specification at 194.2 MPa.  Aluminum 
alloy 5052 provided the only results that were at or above the base material specifications 
for the aerospace grade alloy. 
The tensile curves of each individual test are given in Appendix A, which show the 
linear regions of each of the curves.  It must be stated that no YS was measured due to the 
absence of an extensometer on the ADMET mini-tensile tester.   
BM 71.628 BM 70.447 % Below BM BM 71.628 % Below BM BM 71.628 % Below BM
HAZ 63.113 10.41% HAZ 53.133 25.82% HAZ 53.648 25.10%
TMAZ 54.313 25.57% TMAZ 54.576 23.81% TMAZ 55.435 22.61%
Weld Bead 77.750 -10.37% Weld Bead N/A N/A Weld Bead N/A N/A
SZ N/A N/A SZ 58.461 18.38% SZ 58.189 18.76%
BASE MATERIAL FUSION WELDED MATERIAL FRICTION STIR WELDED MATERIAL FUSION WELDED + FRICTION STIR WELDED MATERIAL
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Figure 4.20:  Tensile strength comparison of AA5052-H32. 
 
4.3.3 Corrosion.   The corrosion testing of AA5052 did not show much 
intergranular corrosion for the base material, as well as the fusion weld, or either of the 
FSW/FSP states.  There was pitting and some exfoliation corrosion on all four processing 
states.   
A few areas of some intergranular corrosion were found, seen in Figure 4.21 imaged 
at 100X with the Helios 600.  These areas of intergranular corrosion were not significant, 
or as invasive as seen with AA2024, or AA7075.  The corrosion seen with this 5XXX 
series alloy was mild. The pitting of the material is shown in Figure 4.22, imaged at 500X.   
For the fusion welded material, the pitting corrosion is seen at 500X magnification, 
illustrated in Figure 4.23.   


















FSW at 3000 RPM and 30 mm/min
FSP over FW at 3000 RPM and 30 mm/min
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The friction stir welded material exhibits the same type of pitting and exfoliation 
corrosion as the FW material, imaged at 500X with the Helios 600.  The stir zone of the 
friction stir weld is shown in Figure 4.24.  The same pitting corrosion, as seen in Figure 
4.22, was found outside of the SZ.      
The story is much the same with the hybrid process, shown in Figure 4.25, as it is 
with the FSW material. 
The corrosion seen in all four processing states is much the same.  The 5XXX series 
of aluminum alloys is designed to be corrosion resistant in salt water environments, which 
proves to be valid in all states of processing.   
 More images of the corrosion of aerospace grade aluminum alloy AA5052-H32 in 
its four processing states can be found in Appendix B.   
 
 




Figure 4.22:  Pitting corrosion found in AA5052-H32 base material at 500X. 
 
  
Figure 4.23:  Pitting corrosion and exfoliation corrosion found in fusion welded AA5052-




Figure 4.24:  Pitting and exfoliation corrosion in FSW AA5052-H32 at 500X. 
 
 
Figure 4.25:  Pitting and exfoliation corrosion in FSP fusion weld of AA5052-H32. 
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4.4 ALUMINUM ALLOY 7075-T651 
Aluminum alloy 7075 is an un-weldable alloy in any state of heat treatment.  The 
mixing region, seen in Figures 4.26 and 4.27, has a defined boundary.  The weld bead 
solidified quickly, but no evidence of liquation crack was found, as was seen with AA2024-
T351.    
 
 
Figure 4.26:  Fusion weld transition for AA7075-T651. 
 
 
Figure 4.27:  Fusion weld mixing area of AA7075-T651. 
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 The friction stir welding of AA7075-T651 was difficult, due to the higher thermal 
conductivity than AA5052-H32 and AA2024-T651.  For the FSW of the two base material 
plates, a rotational speed of 2500 RPM was used.  The maximum rotational speed was used 
for the processing of AA7075-T651 fusion welded plates due to the higher melting 
temperature of AA5356 filler.  Slower traversing speeds than 30 mm/min yielded unwanted 
flash surrounding the weld, and therefore the rotational speed of the friction stir welding 
system was kept at 3000 RPM.  An example of the final FSW is seen in Figure 4.28, and 
the FSP of the fusion weld is seen in Figure 4.29.   
 
 
Figure 4.28:  FSW of AA7075-0T651. 
 
 
Figure 4.29:  FSP of fusion welded AA7075-T651. 
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4.4.1 Microhardness.   For this aerospace grade alloy, the fusion weld has higher 
hardness values than the friction stir welded and friction stir processed fusion welds.  None 
of the processing states come close to the base material hardness values.   
All three of the processed states have the highest average hardness values closest 
to the weld center, and up to 1.0 mm away from the centerline.  The fusion welded material 
has the highest HAZ hardness values at 17% lower than the base material values.  The 
friction stir processed fusion weld has the highest TMAZ and SZ hardness values, as 
compared to the friction stir welded material, at 37.5% and 35.3% lower than the base 
material, respectively.  Even though the friction stir welded material has higher overall 
hardness, the transition between affected zones is smooth, as compared to the friction stir 
welded material.  The microhardness values across the four processing states are 
summarized in Figure 4.30.   
For the hybrid process, the highest hardness values were found between the center 
of the weld and 1.0 mm out from the centerline, which follows the pattern of the fusion 
weld and the friction stir weld for this material.  Adding the secondary processing technique 
does not have a significant effect on the TMAZ region of the FSP fusion weld, as the 
TMAZ of the fusion weld was quite extensive in the area surrounding the weld bead, 
highlighted in orange in Tables 4.7 and 4.8.  The weld bead on the surface of AA7075-
T651 was more spread out than with the other materials, as can be seen in Table 4.8.  The 
weld bead residual, surrounding the FSP zone, highlighted in blue, gives an insight into the 
effect of the FSP on the weld material.  As compared to the weld bead in Table 4.7, the 
region becomes much softer with the added heat, but in the FSP area, the material is much 
harder than the weld bead was originally.   The TMAZ of the material becomes harder as 
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well, but the HAZ is softer, in the comparison between the FW and the FSP fusion weld.  
The comparison of Vickers hardness values for all four processing states is given in Table 
4.9.   
 
 
Figure 4.30:  Vickers microhardness values for AA7075-T651 in 4 processing states. 
 
 Table 4.7:  Vickers microhardness values for fusion welded AA7075-T651. 
 
Grid: Key:
1 2 3 4 5 6 7 8 9 10 HAZ
112.4 103.4 101.2 111.1 105.9 107.3 102.3 108.4 113.9 111.5 TMAZ
103.5 105.6 106.9 108.4 111.4 87.5 100.5 112.8 108.5 108.5 SZ
115.9 105 104.8 109.6 107.6 98.2 110.7 112.1 108.3 104.2 Nugget
100.4 108 109.4 114.8 100 109 101.7 108.6 104.7 112 Weld Bead
107.4 106 107.1 95.6 103.8 104.6 108.2 112.5 112.3 115.1 Base Material
103.8 101.9 99.7 105.7 102.6 109.5 111.9 109.3 113.5 121.3 Void
106.4 103.5 101.8 105.7 109.5 111.1 112.5 111.1 150.5 155.5
104.7 111 122.7 115.3 122.4 138.9 143.9 155.4 146.8 147.9
147 145.3 150.7 153.1 158.5 152.4 145 140.8 134 136.3
141.7 149.1 150.3 151.2 151.6 149.4 139.3 136.1 138.4 140.2
BM Average 179.530 % Below BM
HAZ Average 149.007 17.00%
TMAZ Average 110.413 38.50%
Weld BeadAverage 109.281 39.13%
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Table 4.8:  Vickers microhardness values for the FSP fusion weld of AA7075-T651. 
 
 




 The hardness values for the processing states of the material were evaluated 30 days 
after processing was initially done, giving some possibility for natural aging to occur over 
this time.   
4.4.2 Tensile Testing.   The tensile testing of the four processing states provided 
for more insight into the introduction of a hybrid process for the manufacturing of parts.   
Shown in Figure 4.31, the friction stir processing of the fusion weld yields a higher 
tensile strength than the fusion weld, but is lower than the friction stir weld.   
Grid: Key:
1 2 3 4 5 6 7 8 9 10 HAZ
67.2 62.8 62.4 65.3 61.6 68.8 65 116.5 117.8 131.8 TMAZ
70 67.2 66.9 68.2 68.9 67.8 70.8 113.2 114.6 127.9 SZ
117.3 109.9 69 68.3 71.1 64 67.7 68.3 114.1 117.8 Nugget
102.9 113.5 127.2 117.4 100.2 90.5 73.3 70.7 114 116.5 Weld Bead
101.5 105.4 104.6 118.3 120.3 128.1 126.3 125.9 120.1 114.8 Base Material
101.7 106.9 105.8 109.1 113.8 117.8 117.6 113.2 113.4 122.3 Void
98.3 99.3 101.8 100.9 106.3 112.1 114.2 110.8 113 114.2
95.4 101.2 99.7 99.8 99.4 105.3 104.7 108.8 111.8 113
93 93.3 102.3 102.1 99.7 101 102.7 103.2 102.2 109.5
94.7 96 97.6 99.9 100.2 96.5 101.3 97.8 98 99.3
BM Average 179.53 % Below BM
HAZ Average 97.63172 45.62%
TMAZ Average 112.1011 37.56%
SZ Average 116.0986 35.33%
Weld Bead Average 68.52426 61.83%
BM 179.53 BM 179.53 % Below BM BM 179.53 % Below BM BM 179.53 % Below BM
HAZ 149.0067 17.00% HAZ 94.76924 47.21% HAZ 97.63172 45.62%
TMAZ 110.4128 38.50% TMAZ 106.8876 40.46% TMAZ 112.1011 37.56%
Weld Bead 109.2813 39.13% Weld Bead N/A N/A Weld Bead 68.52426 61.83%
SZ N/A N/A SZ 115.704 35.55% SZ 116.0986 35.33%
BASE MATERIAL FUSION WELDED MATERIAL FRICTION STIR WELDED MATERIAL FUSION WELDED + FRICTION STIR WELDED MATERIAL
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It can be noted that the base material was found to have a UTS of 456.4 MPa, which 
is 20.2% lower than the ASM standard for AA7075-T651 at 572 MPa.  This lowered value, 
as compared to the standard, could be due to the small gauge length of the miniature tensile 
samples cut.  The average grain size of the base material was found to be 513.7 μm.  This 
gives the ratio of the grain size to the gauge length of 1000 μm to be approximately 1:2.  
Since the material is rolled, the grains are longer in one direction than the other.  When 
fusion welding occurs, the melting of the material decreases the grain size to create a ratio 
of 75:1000, which is significantly smaller than the original base material.  The friction stir 
welded material yields even smaller grain size than this FW material.  The grain size was 
measured in the weld bead, TMAZ, and HAZ for the fusion weld, and was measured with 
over 200 grains per sample for the BM, FW, and FSW material.   
 
 
Figure 4.31:  Tensile strength of AA7075-T651 in four processing states. 
 






















FSW at 2500 RPM and 30 mm/min
FSP over FW at 3000 RPM and 30 mm/min
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The UTS of the base material was found to be 456.4 MPa, 20.2% lower than the 
ASM specification for this temper of AA7075.  For this analysis, a comparison study to 
the base material as found with the ADMET mini-tensile tester is done as well as a 
comparison of the processing states to the ASM standard.   
 The UTS of the fusion welded material, at 278.14 MPa, was found to be 51.3% 
lower than the ASM standard, and 39% lower than the ADMET tested base material.   
 The tensile data from the friction stir welded material was found to be 398.2 MPa, 
30.3% lower than the ASM standard, and 14.7% lower than the ADMET tested base 
material.   
The tensile data for the hybrid process of friction stir processed fusion welding of 
AA7075-T651 yielded results between that of the fusion weld and friction stir weld tensile 
strength.  The UTS was found to be 270.8 MPa, 52.6% lower than the ASM standard, and 
40.7% lower than the ADMET tested base material.   
 The tensile curves of each individual test are given in Appendix A, which show the 
linear regions of each of the curves.  It must be stated that no YS was measured due to the 
absence of an extensometer on the ADMET mini-tensile tester.   
4.4.3 Corrosion.   The corrosion testing of AA7075 showed some intergranular 
corrosion, as well as some exfoliation corrosion and pitting, for the base material.   
Some intergranular corrosion was found in the fusion weld, as well as a large 
amount of pitting in the weld bead.  This intergranular corrosion was also found in the 
TMAZ of the FSW.  Pitting and exfoliation corrosion was found in the FSP fusion weld.  
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 Figure 4.32 shows the base material in its corroded state with a large exfoliation 
corrosion spot imaged at 800X, this spot was visible at 500X, but the pitting surrounding 
it was not visible at this magnification.  The intergranular corrosion of the base material 
can be seen in Figure 4.33.  Some very large pits on the materials surface can be seen.  The 
corrosive environment did a significant amount of damage on the material in the base 
material processing state.  This was the worst of the three aerospace grade aluminum alloys.  
When removed from the corrosion bath, the material changed from a shiny surface to a 
dark, dull, gray surface.   
For the fusion welded material, intergranular corrosion was observed in the weld 
bead, illustrated in Figure 4.34.  As with AA2024 and AA5052, pitting was also found in 
the weld bead, as the filler material was the same for all three aluminum alloys, this pitting 
is more visible in Figure 4.35.   
 The FSW shows some pitting around the SZ, but the intergranular corrosion can be 
found in the TMAZ, imaged at 100X and 500X, and seen in Figures 4.36 and 4.37, 
respectively.  The incidence of large amounts of intergranular corrosion is reduced from 
the base material.  This intergranular corrosion is less intrusive than the corrosion seen on 
the base material.   
 The friction stir processed fusion weld behaves much the same as the friction stir 
weld, with exfoliation corrosion and small amounts of intergranular corrosion, seen in 
Figures 4.38-4.40.  These areas of corrosion are visible in the TMAZ and HAZ.  The 
corrosive environment attacks the larger grains more readily than the smaller, recrystallized 




Figure 4.32:  Exfoliation corrosion of AA7075-T651 base material at 800X.  
 
 




Figure 4.34:  Pitting corrosion of AA7075-T651 FW at 100X. 
 
 




Figure 4.36:  Intergranular corrosion of FSW of AA7075-T651 at 100X. 
 
 




Figure 4.38:  Exfoliation corrosion of AA7075-T651 FSP fusion weld at 100X. 
 
 




Figure 4.40:  Intergranular corrosion of AA7075-T651 FSP fusion weld at 500X. 
 
4.5 TOOL WEAR 
The recommendation of H13 tool steel for the FSW/FSP of aerospace grade 
aluminum alloys provided a very durable tool.  Over the course of this research, over 175 
FSW were done using the MegaStirTM tool purchased.  Starting around weld 130, the tool 
started to exhibit noticeable wear, not to the naked eye, but in behavior of the tool.  When 
in the plunge stage, visualized in Figure 4.41, the tool started to shake, and rattle the robot, 
due to being dull, and achieving less heat generation.  For the same weld parameters, on a 
specific alloy, the temperature fluctuated by about 5oC, seen with the FLIR camera.  For 
the more difficult to process materials such as AA5052 and AA7075, this provided issues 
in getting the material to a temperature that the robot could process, due to its low tricept 
arm rigidity and vertical/horizontal machining power.  The weld quality started to diminish 
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around weld 140, as the weld path began to waver, due to deflection of the robot arms, and 
decreased weld temperature.  This phenomena can be seen in Figure 4.42, where the start 
of the weld path is wider than the tool path following it.     
 
 
Figure 4.41:  Tool plunge stage of FSW. 
 
 
Figure 4.42:  Stirring stage of FSW. 
 
 As with all machining, “non-consumable” tool is a general statement.  Over time, 
the edges of the tool will dull, and will have to be sharpened or replaced.  With FSW, 
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however, the changes in dimensions of the tool over time will change the weld quality, not 
just the tool path generated during processing.  Over the course of this study, over 26.5 
meters of friction stir welding was performed with the H13 steel tool.  For longer longevity, 
a tool made with PCBN (polycrystalline cubic boron nitride) could be used.   
4.6 DIFFERENCES IN SETUP FOR PURE FSW AND FW WITH FSP 
For the setup of friction stir welding, each plate had to be aligned with the spindle 
in order to achieve a weld path consistent with the fusion welded bead, or the butt joint of 
the two plates.   
In order to look at the manufacturing differences between the FSW of two plates, 
versus the processing of an already fusion welded material, the differences in setup times, 
as well as torques required for clamping, was studied.   
For the torque requirements, a Snap-On Techwrench© fixed head ratchet was used 
to tighten the four clamps.  This wrench was rated for 25-250 ft-lbs (33.9-339 Nm).[37]  The 
torque was increased by 5 ft-lbs (6.8 Nm) intervals until the rattle at tool entry ceased.  This 
was chosen because of the variability and compliance issues with the ABB IRB 940 during 
FSW/FSP.  The required torque for the two base material plates joined in a FSW butt joint 
was found to be 90.1 ft-lbs. (122.2 Nm), and for the already fusion welded material, the 
torque required was found to be 65.1 ft-lbs. (88.3 Nm).  This difference is due to the 
tendency for the plates to split apart in the plunge stage if not already joined with fusion 
welding.  The time for setup was also reduced by fusion welding the plates together, as 
illustrated in Table 4.10.   
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Table 4.10:  Setup times for FSW/FSP. 
Setup Time 
2 BM Plates 1 FW Plate 
1 6:46 1 5:14 
2 6:38 2 5:22 
3 7:08 3 5:19 
4 6:42 4 5:17 
5 6:24 5 5:21 
6 6:32 6 5:20 
7 6:45 7 5:31 
8 6:38 8 5:42 
9 6:19 9 5:18 
10 6:54 10 5:46 
Average 6:40 Average 5:25 
St. Dev. 0.009849 St. Dev. 0.007628 
Min. 6:19 Min. 5:14 
Max. 7:08 Max. 5:46 
    
 
The difference between the average setup times is 1:14 minutes, an 18.75% 
reduction in time for setting up.  Considering the addition of an extra process, with the FSP 
of a 6” weld taking 7:30 minutes, the addition of FSP to fusion welding adds not only 
another step, but a significantly larger amount of time for manufacturing.  Commercial 
FSW/FSP machines can perform this weld at much faster speeds due to higher rigidity and 







Although the hybridization of fusion welding and friction stir welding is not a new 
technology, the introduction of this processing combination is new for aerospace grade 
aluminum alloys.  The materials previously studied: AA2219, AA5083-H321, AA6082-
T6, SS304L, and SS400, are all weldable aluminum and stainless steel alloys.  The analysis 
of the hybrid process done in the embodiment of this research incorporates the weldable 
aerospace grade AA5052-H32 alloy, and non-weldable aerospace grade alloys: AA2024-
T351 and AA7075-T651.   The study of FSP of fusion welds, in the past, has focused 
mainly on the surface processing of the fusion welds.  This research studies the friction stir 
processing of the entirety of the weld nugget within the joint, creating a more homogenous 
mixture, as a traditional friction stir weld joining process would do.  The processing of the 
entire joint creates a better opportunity for non-weldable alloys to use this hybrid process.     
From the analysis of the three aerospace grade aluminum alloys, the introduction 
of a hybrid process for manufacturing is plausible, dependent on the application of the final 
product. The three differing aerospace grade aluminum alloys provide different results, as 
to the effectiveness of this technology, using the ABB IRB 940 robot.  Given a more robust 
robotic platform, the plausibility for the hybrid technology of combining fusion welding 
and frictions stir processing could increase, given the addition of variable downforce and 
rigidity of the robotic structure.  This added stability would provide for a possibility to 
decrease the temperature at which the materials are friction stir welded, which in turn 
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would decrease the effects of heat on the TMAZ and HAZ surrounding the friction stir 
welded/processed joint.     
The large reduction in clamping torques required to friction stir process the fusion 
welded material, and friction stir weld the base material plates causes a great reduction in 
the added stresses of friction stir welding.  This 27.75% reduction in torque required to 
clamp the plates to the table provides a good insight in how this hybrid process could be 
used for complex geometries.  It would be much easier to process already fusion welded 
joints for curved surfaces and complex angles where backing plates would be more difficult 
to attach.    
5.1 ALUMINUM ALLOY 2024-T351 
Compared to the general findings that the FSW of materials produce results that are 
70-98% of the original base material properties: the hybrid process of combining fusion 
welding with FSP is entirely plausible.  However, the friction stir welding of the base 
material alone is preferable due to the higher material properties.  In the case of difficult 
geometries, or the inability to clamp the material properly, a hybrid process that combines 
fusion welding and friction stir processing can be substituted for AA2024-T351, provided 
that the final material properties are within the acceptable range for the specific application.  
Given a more rigid FSW robot or machine, the material properties could be greatly 
improved by dropping the joining temperature.  The corrosion resistance of the friction stir 
weld, compared to the friction stir processed fusion weld, has negligible differences with 
pitting and some intergranular corrosion.  The two processes, by view of corrosion 
resistance, are interchangeable.   
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Natural aging may require the use of post-weld heat treatments for this heat-
treatable alloy, to maintain acceptable material properties for the longevity of the 
application. 
5.2 ALUMINUM ALLOY 5052-H32 
The mechanical property values of the hybrid process, as compared to the base 
material, fall within the acceptable range for friction stir welded materials.  Compared to 
friction stir welding, the hardness values are almost identical.  The tensile strength is 
improved over friction stir welding with this particular robotic setup.  This is largely due 
to the weld bead mixing with the base material.  This mixing creates a homogenous mixture 
that is stronger in tensile strength that the original material in the FSW processing state.  
Therefore, it can be concluded that the hybrid process is a viable option for AA5052-H32.  
The fusion weld may provide for a higher UTS, but the ductility of the material would be 
greatly reduced, as suggested by the tensile data. 
 The corrosion resistance of this alloy does not vary significantly with the hybrid 
processing state, as compared to the friction stir welded state.       
 Because AA5052 is a non-heat treatable alloy and is cold worked to get to the H32 
state, this material does not experience natural aging and would not require the use of post-
weld processes, given that the weld achieves the desired property specifications. 
5.3 ALUMINUM ALLOY 7075-T651 
The use of a hybrid process with AA7075-T651 is less plausible than the use of 
friction stir processing, with fusion welding for AA2024 and AA5052, due to the decreased 
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hardness and tensile values.  The combination of fusion welding and friction stir processing 
does provide for an increase in hardness over the friction stir welded material, but only by 
a small amount for this robotic setup.  The tensile results however, provide that the hybrid 
process is much less effective than the friction stir welding process alone.  A post-weld 
heat treatment could change these results, provided that the part has difficult geometries.  
These configurations would require the use of combining processes, because of difficult 
geometries that do not allow for proper clamping.  Natural aging may require the use of 
post-weld heat treatments for this heat-treatable alloy, to maintain acceptable material 
properties for the longevity of the application regardless of processing state.  
Once again, the corrosion resistance of the material is improved by friction stir 
welding, and the friction stir processed fusion weld is relatively the same, when it comes 
to corrosive properties for this material.    
132 




Hybrid processes would be applicable to aerospace, marine, and automotive 
manufacturing.  It could create more complex geometries such as: landing gear, ship hulls, 
and automotive body framing.  The addition of FSP to fusion welding results in less 
clamping force required, and in some cases, could improve the joint quality of the material, 
given the use of a more rigid FSW machine that can handle the downforces and lateral 
forces required of friction stir welding and processing.  
In the case of automotive applications, the use of a combined process could be more 
achievable.  Parts such as door frames, could be sent through a post-weld heat treatment 
quite easily, as opposed to an entire aluminum ship hull.  The same could be said for 
landing gear, or other smaller parts, used in aircraft or marine applications.   
6.2 RECOMMENDATIONS 
It is recommended that future work be done studying spot welding using fusion 
welding techniques, and post-processing with friction stir welding, in order to shorten the 
joining process of the hybrid technique.    
This would also reduce the incidence of the introduction of a new material to the 
joint.    It would also be plausible to study part building with FSW, given a stiffer robotic 
structure using complex angles, shapes, and curvatures.  Using robotic friction stir 
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processing of fusion welds at complex angles could provide for a more additive 
manufacturing approach to creating larger complex parts.   
Due to the large HAZ found in all of the materials after fusion welding, it is 
proposed that the use of laser welding or  electron beam welding be studied with the hybrid 
process to decrease the thermomechanical effects on the materials.    These modern fusion 
welding techniques could provide for better overall material properties outside of the weld 
zone and the friction stir processed stir zone.   
Since the addition of AA5356 filler adds a different alloy in the joint between all 
three materials, it might also be prudent to study different filler materials for AA2024-
T351 and AA7075-T651 for fusion welding as the compositions might match the alloys 
more readily.  As it stands, the addition of the different alloy between the base plates might 
make for different composition as compared to the ASM specification for the aerospace 
















Figure  A.1:  AA2024-T351 base material tensile strength. 
 
 
















350Tensile Strength of AA2024-T3 FSW at 900 RPM and 30 mm/min
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Figure A.3:  AA2024-T351 FSP over FW tensile strength. 
 
 
Figure A.4:  AA5052-H32 base material tensile strength. 
 







250Tensile Strength of AA2024-T3 FSP over FW at 1800 RPM and 30 mm/min












Tensile Strength of AA5052-H32 Base Material
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Figure A.5:  AA5052-H32 FW tensile strength. 
 
 
Figure A.6:  AA5052-H32 FSW tensile strength. 
 








300 Tensile Strength of AA5052-H32 FW









140Tensile Strength of AA5052-H32 FSW at 3000 RPM and 30 mm/min
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Figure A.7:  AA5052-H32 FSP of FW tensile strength. 
 
 
Figure A.8:  AA7075-T651 BM tensile strength. 
 












200Tensile Strength of AA5052-H32 FSP over FW at 3000 RPM and 30 mm/min












500 Tensile Strength of AA7075-T6 Base Material
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Figure A.9:  AA7075-T651 FW tensile strength. 
 
 
Figure A.10:  AA7075-T651 FSW tensile strength. 
 








300 Tensile Strength of AA7075-T6 FW










400Tensile Strength of AA7075-T6 FSW at 2500 RPM and 30 mm/min
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Figure A.11:  AA7075-T651 FSP of FW tensile strength. 
  






























Figure B.14:  AA2024-T351 FW corrosion 
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Figure B.19:  AA5052-H32 FSW corrosion. 
 
 





Figure B.21:  AA7075-T651 base material corrosion. 
 
 






















C. FSW PROGRAMS FOR ABB IRB 940 ROBOT. 
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CONST robtarget PT_1:=[[1230.00, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_2:=[[1260.4375, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_3:=[[1240.00, 0.00, 773.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_4:=[[1260.4375, 0.00, 773.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
 
PROC main() 
 MoveJ PT_1,v100,fine,tool0; 
 MoveL PT_2,v5,fine,tool0; 
 WaitTime\InPos,120; 
 MoveL PT_3,v100,fine,tool0; 
 MoveL PT_4,v5,fine,tool0; 
 WaitTime\InPos,120; 
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CONST robtarget PT_1:=[[1230.00, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_2:=[[1260.4375, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_3:=[[1261.7875, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_4:=[[1262.5375, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_5:=[[1263.1875, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_6:=[[1264.8375, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_7:=[[1264.7375, 0.00, 773.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_8:=[[1255.00, 0.00, 773.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
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CONST robtarget PT_9:=[[1200.00, 0.00, 773.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
 
CONST speeddata FSW_Spd_1:=[1000,500,5000,1000]; 
 
PROC main() 
 SetDO Spin_Enable,1; 
 SetDO Spin_Dir,1; 
 MoveJ PT_1,v100,fine,tool0; 
 SetGO Spin_Velocity,1800; 
 SetDO Spin_Run,1; 
 WaitDI Spin_At_Vel,1; 
 MoveL PT_2,v5,fine,tool0; 
 WaitTime\InPos,45; 
 MoveL PT_3,v5,fine,tool0; 
 WaitTime\InPos,45; 
 MoveL PT_4,v5,fine,tool0; 
 WaitTime\InPos,45; 
 MoveL PT_5,v5,fine,tool0; 
 WaitTime\InPos,45; 
158 
 MoveL PT_6,v5,fine,tool0; 
 WaitTime\InPos,45; 
 SetGO Spin_Velocity,900; 
 SetDO Spin_Run,1; 
 WaitDI Spin_At_Vel,1; 
 WaitTime\InPos,45; 
 MoveL PT_7,v10,fine,tool0; 
 MoveL PT_8,v5,fine,tool0; 
 MoveL PT_9,v100,fine,tool0; 
 WaitUntil\InPos,TRUE; 
 SetDO\Sync,Spin_Run,0; 









CONST robtarget PT_1:=[[1230.00, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_2:=[[1260.4375, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_3:=[[1261.7875, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_4:=[[1262.5375, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_5:=[[1263.1875, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_6:=[[1264.8375, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_7:=[[1264.7375, 0.00, 773.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_8:=[[1255.00, 0.00, 773.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
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CONST robtarget PT_9:=[[1200.00, 0.00, 773.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
 
CONST speeddata FSW_Spd_1:=[1000,500,5000,1000]; 
 
PROC main() 
 SetDO Spin_Enable,1; 
 SetDO Spin_Dir,1; 
 MoveJ PT_1,v100,fine,tool0; 
 SetGO Spin_Velocity,3000; 
 SetDO Spin_Run,1; 
 WaitDI Spin_At_Vel,1; 
 MoveL PT_2,v5,fine,tool0; 
 WaitTime\InPos,45; 
 MoveL PT_3,v5,fine,tool0; 
 WaitTime\InPos,45; 
 MoveL PT_4,v5,fine,tool0; 
 WaitTime\InPos,45; 
 MoveL PT_5,v5,fine,tool0; 
 WaitTime\InPos,45; 
161 
 MoveL PT_6,v5,fine,tool0; 
 WaitTime\InPos,45; 
 SetGO Spin_Velocity,3000; 
 SetDO Spin_Run,1; 
 WaitDI Spin_At_Vel,1; 
 WaitTime\InPos,45; 
 MoveL PT_7,v10,fine,tool0; 
 MoveL PT_8,v5,fine,tool0; 
 MoveL PT_9,v100,fine,tool0; 
 WaitUntil\InPos,TRUE; 
 SetDO\Sync,Spin_Run,0; 









CONST robtarget PT_1:=[[1230.00, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_2:=[[1260.4375, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_3:=[[1261.7875, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_4:=[[1262.5375, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_5:=[[1263.1875, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_6:=[[1264.8375, 0.00, 900.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_7:=[[1264.7375, 0.00, 773.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
CONST robtarget PT_8:=[[1255.00, 0.00, 773.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
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CONST robtarget PT_9:=[[1200.00, 0.00, 773.00],[0.69190, -0.04583, 0.71906, -
0.04624],[0, -1, 3, 0], [9E+09, 9E+09, 9E+09, 9E+09, 9E+09, 9E+09]]; 
 
CONST speeddata FSW_Spd_1:=[1000,500,5000,1000]; 
 
PROC main() 
 SetDO Spin_Enable,1; 
 SetDO Spin_Dir,1; 
 MoveJ PT_1,v100,fine,tool0; 
 SetGO Spin_Velocity,3000; 
 SetDO Spin_Run,1; 
 WaitDI Spin_At_Vel,1; 
 MoveL PT_2,v5,fine,tool0; 
 WaitTime\InPos,45; 
 MoveL PT_3,v5,fine,tool0; 
 WaitTime\InPos,45; 
 MoveL PT_4,v5,fine,tool0; 
 WaitTime\InPos,45; 
 MoveL PT_5,v5,fine,tool0; 
 WaitTime\InPos,45; 
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 MoveL PT_6,v5,fine,tool0; 
 WaitTime\InPos,45; 
 SetGO Spin_Velocity,2500; 
 SetDO Spin_Run,1; 
 WaitDI Spin_At_Vel,1; 
 WaitTime\InPos,45; 
 MoveL PT_7,v10,fine,tool0; 
 MoveL PT_8,v5,fine,tool0; 
 MoveL PT_9,v100,fine,tool0; 
 WaitUntil\InPos,TRUE; 
 SetDO\Sync,Spin_Run,0; 
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